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ABSTRACT

PDT may be an effective treatment for certain immune-mediated disorders. The immunomodulatory action of PDT is likely a
consequence of effects exerted at a number of levels including stimulation of specific cell signaling pathways, selective
depletion of activated immune cells, alteration of receptor expression by immune and non-immune cells, and the modulation
of cytokine availability. QLT0074, a potent photosensitizer that exhibits rapid clearance kinetics in vivo, is in development
for the treatment of immune disorders. In comparison to the well-characterized and structurally related photosensitizer
verteporfin, lower concentrations of QL.TO074 were required to induce apoptosis in human blood T cells and keratinocytes
using blue light for photoactivation. Both photosensitizers triggered the stress activated protein kinase (SAPK) and p38
(HOG1) pathways but not extracellularly regulated kinase (ERK) activity in mouse Pam212 keratinocytes. In cell signaling
responses, QLTO074 was active at lower concentrations than verteporfin. For all in vitro test systems, the stronger
photodynamic activity of QLT0074 was associated with a greater cell uptake of this photosensitizer than verteporfin. In
mouse immune models, sub-erythemogenic doses of QLT0074 in combination with whole body blue light irradiation
inhibited the contact hypersensitivity response and limited the development of adjuvant-induced arthritis. QL.T0074 exhibits
activities that indicate it may be a favorable agent for the photodynamic treatment of human immune disease.

Keywords: apoptosis, contact hypersensitivity, immunomodulation, keratinocytes, photodynamic therapy, photosensitizers,
psoriasis, signal transduction, T cells, verteporfin.

1. INTRODUCTION

The chlorin-like photosensitizer, benzoporphyrin derivative monoacid ring A, BPD-MA!? (its formulated product is termed
Verteporfin for Injection, VFI) has been extensively characterlzed for its mode of action and for assessing the influence of
photodynamic therapy (PDT) upon different immune parameters Of significance, VFI has been tested in clinical trials for its
activity against the human immune-mediated condition of psoriasis'®. In combination with activating light, VFI is photo-cytotoxic
at relatively low concentratlons in vitro. VFI combined with light irradiation can induce the apoptotic death of different tumor'"™?
and normal immune®® cell types. The marked capacity of PDT to induce apoptosis is believed related to the localization of certain
photosensitizers to the mitochondrion'*", a key site for the regulation of apoptosis-related stimuli'®, A gradient in cell responses
to PDT is evident. At high photosensitizer/light doses, cells may rapidly lose membrane integrity and viability without undergoing
apoptosis (necrosis). Necrotic cell death may promote the development of an inflammatory state at the treatment site. At lower,
yet still cytotoxic PDT doses, cells may undergo programmed cell death (apopt051s) Phagocytic cells efficiently take up and
dispose of cells dying by apoptosis without producing inflammation in the tissue'®. At sub-lethal levels, PDT may trigger cell
signaling events that may influence cell surface receptor expression, cytokine formation and/or growth kinetics. Mobilization of
stress activated protein kinase (SAPK) and p38/high osmolarity glycerol protein kinase (HOG1), but not extra-cellularly
regulated kinases (ERK) 1 or 2 was demonstrated for mouse Pam212 keratinocytes (KC) treated with VFI and red light®.
The full significance of these signaling events is still unclear. However, the relative levels of activation and overlap with
other signaling pathways may influence the function and/or survival of cells treated at an intensity of PDT less than that
required to induce rapid cell death.

Activated T lymphocytes are highly sensmve to photodynamic killing with VFIL. Mitogen-stimulated murine splenocytes
accumulated greater amounts of verteporﬁn and the activated cell populations were more vulnerable to photodynamic killing
than their non-activated counterparts Anti-CD3 activated mouse spleen T cells exhibited greater verteporfin uptake and
were more susceptible to PDT-induced apoptosis than resting T cells®. A tissue-specific depletion of activated T cells may be
a therapeutic goal for the treatment of immune-mediated disease with PDT.

The photosensitizer dose, as well as the dose and timing of light irradiation, can be adjusted so that immune-modulating
effects can be achieved without producing skin erythema or influencing the genera! immune status?'. This form of PDT, in
which a large body surface area is illuminated to generate a disseminated low-intensity PDT effect, inhibited the
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immunologically mediated contact hypersensitivity (CHS) response to the hapten dinitrofluorobenzene (DNFB) in mice’.
PDT with VFI was also tested upon the development of autoimmune adjuvant-induced arthritis of MRL/[pr strain mice®. Mice
given a series of three low-intensity, whole body 3photodynz:\mic treatments at 10-day intervals exhibited joint histologic and
clinical profiles similar to the untreated control mice”. The therapeutic effect achieved with PDT was comparable to that produced
by different agents with immunomodulatory activity*. Importantly, hematopoietic progenitor activity and spleen cell mitogenic
responses were preserved in PDT-treated mice®. PDT with VFI can dampen the immune response to a topically applied hapten’
and reduce disease severity in mouse autoimmune models>**,

The human immune-mediated condition of psoriasis is manifested in the skin. Patients with psoriasis exhibit
dramatically heightened KC proliferation leading to elevated plaque formation at various body sites. Psoriatic plaques contain
large infiltrates of activated T cells within the epidermal and dermal regions of the skin. The instigating factors for psoriasis
are not fully defined, although it is now evident that it is a T cell-mediated condition. Cytokines released by activated T cells
drive the altered proliferation and differentiation behavior of KC within the plaque. Treatments that deplete or impair the
activity of skin-infiltrating T cells can produce a beneficial clinical effect on psoriasis™?. Patients with psoriatic arthritis
(PsA) exhibit degenerative joint changes in association with psoriasis. In a recent clinical trial, PsA patients were
administered VFI systemically and treated with half or whole body-UVA light irradiation 3 hours later'®. The drug and light
dose combinations did not cause skin erythema. Four PDT treatments given one week apart produced a greater than 35%
improvement in total psoriasis area and severity index (PASI) scores in 5 of the 17 patients by the completion of the study’.
Importantly, few side effects were reported. Earlier studies indicated that PDT might be an effective psoriasis treatment®.

To achieve a beneficial clinical effect against psoriasis, PDT may imperil pathogenic T cell survival, modify APC
function and directly or indirectly alter KC proliferation within the psoriatic plaque. A photosensitizer, presently designated
QLTO0074, has been synthesized and formulated for possible use in the treatment of human immune-mediated conditions with
PDT. A series of characterization studies has now been performed with this photodynamic agent to reveal whether it has the
potential to serve as an anti-psoriasis drug.

2. MATERIALS AND METHODS

2.1. Photosensitizers

The A-ring of benzoporphyrin derivative (BPD) diethylene-glycol ester (QLT0074), a chlorin—type photosensitizer, was used
in a lipid formulation. Like verteporfin, QL'T0074 is derived from protoporphyrin IX. Lyophilized QLT0074 and VFI (QLT
PhotoTherapeutics, Inc., Vancouver, B.C.) were reconstituted in sterile, distilled water. For in vivo use, photosensitizers were
diluted with 5% dextrose while for in vitro studies, these preparations were diluted with culture medium. The molecular
structure of QLT0074 is provided below (Fig. 1).

Fig. 1. Molecular structure of
QLTO0074 (molecular weight = 792).

2.2. Isolation and activation of human blood T lymphocytes

Heparinized blood obtained from healthy laboratory personnel was diluted with RPMI 1640 medium with 5% fetal calf
serum (FCS) and antibiotics and fractionated by Ficoll Paque density gradient centrifugation. The
mononuclear cell fraction was passed over T cell immuno-affinity columns (R&D Systems, Minneapolis, MN). The eluted T
cell fraction comprised >98% T cells as indicated by their expression of CD3, determined by flow cytometric analysis (Fig.




2A). Of the isolated cells, approximately 2/3 were CD4% (helper T cells) and the remainder were CD8* (cytotoxic T cells)
(data not shown). Few of the purified cells expressed the T cell activation marker CD25 (interleukin-2 receptor, IL-2R).
Activation was elicited by culturing the cells at 0.5-1 x 10%mL in RPMI 1640 medium, 5% FCS in plastic microtiter plates
pre-coated with immobilized mouse monoclonal anti-CD3 (clone UCHT1, PharMingen, San Diego CA) and anti-CD28§
(clone CD28.2, PharMingen) antibodies. Plates were initially treated with antibodies at 5 ug/mL in phosphate-buffered saline
(PBS) for 3 h and then washed several times with PBS. Co-ligation of CD3 and CD28 surface structures triggers signaling
events that stimulate T cell activation and proliferation in the absence of antigen presenting cells (APC)*. Recombinant IL-2
(rIL-2, Amgen Biologicals, Thousand Oaks CA) at 100 U/mL was added to sustain T cell proliferation.

2.3. Photosensitization and determination of cell viability

All cell work with photosensitizer was carried out under light-attenuated conditions. Cells were incubated with photosensitizer at
37°C in the dark for 1 h. The blue light source was a light panel of 8 fluorescent tubes with an emission spectrum of 420 - 490
nm. Panel intensity was checked with a light meter before each experiment. Cell viability was assessed 24 h later with the MTT
(3-[4-,5-dimethylthiazol-2-yl]-2,4-diphenyl tetrazolium bromide, Sigma) colorimetric assay*’. Replicates of 3-6 were performed at
each photosensitizer concentration. Color development was terminated after 4 h at 37°C in the presence of MTT and read with an
automated microtiter plate reader (Dynatech, Hamilton VA) at a wavelength of 590 nm. Absorbance values for wells containing
medium alone were subtracted from the result obtained for wells containing cells. Results are given as a percentage of the
absorbance obtained for cells treated with light alone.

2.4. Detection of T cell apoptosis

During apoptosis, phosphatidylserine (PS) molecules migrate to the outer portion of the cell membrane. Apoptotic cells are
detectable by the binding of an Annexin-V-fluorescein isothiocyanate (FITC) conjugated probe (PharMingen) to PS®. Cell
membrane integrity was assessed in parallel by propidium iodide (PI) uptake studies. Cells were evaluated with an Epics XL
flow cytometer using two-color analysis and appropriate color compensation techniques. Cells with an intact plasma
membrane exclude PI. Annexin-V+/PI- cells are considered to be in the early stages of apoptosis while Annexin-V+/PI+ cells
may be in late stage apoptosis or are undergoing necrotic cell death.

2.5. PDT effects on normal human KC

Human neonatal foreskin KC (Clonetics, San Diego, CA) were maintained in serum-free keratinocyte growth medium
(Clonetics). These cells have a limited proliferative potential in vitro and were used in experiments at culture passages 2 or 3.
KC at 50-60% confluency were incubated with photosensitizer for 60 min at 37°C in medium containing 2% FCS and then
irradiated with blue fluorescent light. Whole cell lysates were prepared 3 h post-PDT''. These preparations were separated by
sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels, transferred to nitrocellulose and
stained for apoptosis-related changes using antibodies to caspase-3, caspase-8, caspase-9 or the DNA repair enzyme
poly(ADP-ribose)polymerase (PARP) as described'""”. Blots were developed using chemiluminescence and autoradiography
techniques. For cell viability determinations, KC were maintained for a further 24 h after PDT and MTT assays were then
performed.

2.6. Imapct of PDT on cell signaling activity

The spontaneously transformed mouse Pam212 KC line was provided by Dr. Stephen E. Ullrich (University of Texas,
Houston TX). The cell line was initially established by culturing KC isolated from newborn Balb/c mice. Cells were
maintained in 22 ml of Dulbecco’s minimum essential medium (DMEM, Gibco) supplemented with heat-inactivated 5%
FCS, penicillin (100 U/mL) and streptomycin (100 pg/mL) in 100 x 20 mm Falcon 3003 polystyrene tissue culture dishes®.
Following PDT, cells were maintained at 37 °C in the dark for 45 min. The medium was aspirated, and the cells were washed
twice with ice-cold PBS containing 1 mM Na;VO,. The cells were lysed by scraping in 800 pl of ice-cold homogenizing
buffer (20 mM MOPS, pH 7.2, 5 mM EGTA, 1% (W/V) Nonidet P-40 (NP40), 1 mM dithiothreitol, 75 mM B-glycerol
phosphate, 1 mM Na;VO, and 1 mM phenylmethylsulfonyl fluoride). The mixture was transferred into a 1.7 mL micro-
centrifuge tube and sonicated at 4°C for 30 sec. Insoluble material was pelleted by centrifugation (10,000 x g) for 15 min at
4°C. The supernatant removed, divided into aliquots, quickly frozen in liquid nitrogen and stored at -70°C.
Immunoprecipitation of ERK1/2 was performed with 500 pg Pam 212 cell lysate by addition of 30 uL of protein A
Sepharose (1:1 slurry) and 5 pl (0.5 pg) of a 1:1 mixture of anti-ERK1 (C-16, rabbit IgG against C-terminal residues 352-
367; cat # sc-93 Santa Cruz, Biotechnology, Inc., Santa Cruz CA) and anti-ERK2 (C-14, rabbit IgG against C-terminal
residues 345-358; Santa Cruz cat # sc-154) antibody. Mixtures were rotated at 4°C for 3 h. Protein A-Sepharose beads were
pelleted by microfuge centrifugation at 4°C for 2 min and the supernatant discarded. Protein A-Sepharose beads were washed




with twice with 3% NP40 and NP40-free NETF buffer (100 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, pH 7.4, and 50 mM
NaF).

Suspensions of ERK1/2 immune complexes were incubated in a 60 gL reaction mixture containing 20 mM MgCl,,
25 mM §-glycerophosphate, 20 mM MOPS, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT, 5 mM f-methyl aspartic acid, 1 uM
of the cAMP-dependent kinase inhibitor (PKI), 50 uM [y-*P]JATP (2000 cpm/pmol) and 5 ug MBP. The reaction was
performed in 1.7 mL microcentrifuge tubes for 5 min and the reaction was terminated by the addition of 20 ul SDS sample
buffer. Full-length myelin basic protein (MBP, Sigma) was used for in vitro kinase assay of ERK1 and ERK2 activity. A
fusion protein consisting of GST and N-terminal residues 1-79 of c-Jun (Stressgen, Victoria, B.C.) was used to assay
SAPK/INK kinase activity. Full-length heat shock protein (HSP27) (Stressgen) was used to indirectly assess p38 HOG
activity”®. For the SAPK/INK and p38 assays, 50 ug of cell lysate was incubated as above in a 75 pL reaction mixture with
2.5 pg of either GST-c-Jun [1-79] or HSP27, respectively. The reaction was terminated after 15 min by the addition of 20 ul
SDS sample buffer. After boiling for 5 min, the samples were separated by SDS-PAGE. After electrophoresis, the proteins
were transferred to nitrocellulose membrane in 25 mM Tris, 192 mM glycine and 20% methanol) for 3 h at 4°C at 300 mA
with a TE Series Transphor Electrophoresis Unit (Hoefer Scientific Instruments). The membrane was stained for protein with
Ponceau S (Sigma), rinsed with distilled water and dried prior to exposing to autoradiography film (Kodak BioMax MR,
VWR). Following autoradiography, substrate bands on the nitrocellulose membrane were excised and counted by liquid
scintillation counting®.

2.7. Contact hypersensitivity (CHS) response

Female Balb/c mice were pre-treated with whole body PDT consisting of intravenous (i.v.) photosensitizer injection, followed by
whole body blue fluorescent light (15 J/em®) irradiation 1 h later. Twenty-four h later, CHS to dinitrofluorobenzene (DNFB,
Sigma Chemicals, St. Louis, MO) was initiated by applying a DNFB solution to a shaved flank region’. Control animals were
administered PBS and exposed to the light source. Five days later, the hapten was applied to the dorsal surface of the right ear. To
gauge its irritant effect, the delivery solvent alone was applied to the left ear. Non-sensitized mice were evaluated in parallel to
determine the effect of the DNFB challenge solution. The CHS response was gauged immediately before and 24 h after DNFB
application by measuring ear thickness with a dial caliper. Measurements were carried out in a blinded manner.

2.8. Adjuvant-induced arthritis

To induce arthritis, MRL/Ipr strain mice were immunized intra-dermally with complete Freund’s adjuvant (CFA)®. The
photodynamic treatment consisted of an iv. injection of photosensitizer followed 1 h later by whole body blue light
irradiation. PDT was given 3 times at 10-day intervals. Arthritis was evaluated every 5 days by measuring ankle width with a
micrometer.

3. RESULTS

3.1. PDT with QLT0074 or VFI induces apoptosis in T lymphocytes

The majority of purified human blood T cells incubated with immobilized anti-CD3 and anti-CD28 monoclonal antibodies
and rIL-2 for 5 days, exhibited a blast-like appearance and 50-60% expressed the CD25 activation antigen (Fig 2A).
Treatment with increasing amounts of QLT0074 or VFI and a constant level (2 J/cm®) of blue light lead to decreased cell
viability at nanomolar photosensitizer concentrations as determined by MTT assays (Fig. 2B). QLT0074 was phototoxic at
lower concentrations than VFI. Annexin-V-FITC binding assays indicated that QLT0074 produced apoptosis by 3 h post-
light irradiation in a larger proportion of T cells than VFI, when equimolar amounts of the photosensitizers were compared

(Fig. 2C).

3.2. Sensitivity of normal human KC to PDT

In the absence of light, neither VFI nor QLT0074 affected KC viability (Fig. 3A). For blue-light-irradiated (1 J/em®) cells.
QLTO0074 was marginally more potent against KC viability than VFI. As anticipated, increasing the amount of blue light
delivered to the cells lowered the concentration of photosensitizer required to elicit photodynamic killing of KC (data not
shown). Biochemical changes representative of apoptosis were evident in whole cell lysates prepared from KC 3 h after
treatment treated with VFI or QLT0074 and irradiation with blue light (Fig. 3B). At 100 nM, but not at 10 nM, both
photosensitzers produced evidence in light-irradiated KC of caspase-3, -8 and -9 processing and the degradation of the
caspase-3 substrate PARP. At 200 nM, caspase processing and PARP degradation was evident for light-irradiated KC treated
with VFI but not with QLT0074. Neither photosensitizer produced evidence of caspase processing or PARP degradation in
light-protected KC.




CD3 CD25 (IL-2R) 120
100

=]
(=]

| Day 0

cell viability
(% of light-treated control)
& 8

N
o

Day 5

o

5 10 20 40
photosensitizer (nM)

C 5 nM

20 nM

0 nM

VFI

QLTO0074

| -
Annexin-V-FITC

Fig. 2. Activated human blood T cells are sensitive to photodynamic killing with VFI or QLT0074. (A) T cell purity was
assessed by staining the preparation with an FITC-conjugated monoclonal antibody against the pan-T cell marker CD3 (filled
area) or an IgGl isotype control reagent (gray area) and flow cytometric analysis. Staining with anti-CD25 monoclonal
antibody was performed to assess T cell activation status on day O and after 5 days in microtiter plate wells containing
immobilized anti-CD3 and anti-CD28 monoclonal antibodies and rIL-2. Staining with an FITC-conjugated IgGl isotype
control monoclonal antibody was performed in parallel. (B) Day 5 activated T cells were treated with increasing amounts of
VFI (@) or QLT0074 (O) and then exposed to blue light (2 J/cmz). Cell survival was determined 24 later by the MTT assay.
Results are given as a percentage of the MTT result (absorbance value at 590 nm) obtained for cells exposed to light alone (5
independent experiments). (C) Photodynamic induction of apoptosis with blue light irradiation occurs in activated T cells
with lower concentrations of QLT0074 than VFI. Annexin-V binding and PI uptake studies were performed 3 h post-PDT.
Early apoptotic cells (Annexin-V+, PI negative) are demarcated and this percentage is given.
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Fig. 3. PDT with QLTO074 or VFI and blue light irradiation reduces the viability of normal human KC and induces
apoptosis-related changes. Cells were incubated for 60 min with increasing amounts of photosensitizer and either light-
protected or irradiated with biue light. (A) Cell survival was determined 24 h later by the MTT colorimetric assay. For KC
treated with VFI () or QLT0074 (A) and light, results are presented as a percentage of the mean absorbance value obtained
for cells not incubated with photosensitizer. (B) Apoptosis-associated events were assessed for cell lysates prepared 3 h post-
PDT. These extracts were separated by SDS-PAGE, transferred to nitrocellulose and immunoblotted with antibodies against
caspase-3, -8, -9 and the caspase substrate PARP. Arrows indicate the electrophoretic position of active caspase fragments
and the PARP degradation product.
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Fig. 4. Influence of PDT on (A) ERK, (B) p38 (HOG1) and (C) SAPK/INK activity of PAM212 KC. Cells were
incubated with VFI or QLT0074 for 1 h prior to exposure to 2 J/cm® of blue light (420-490 nm). Cells were lysed at
45 min post-light exposure and kinase activity within these lysates was assessed. Samples were run on SDS-PAGE,
followed by transfer to nitrocellulose and autoradiography. Data is presented as a percentage (mean + SD) of the **P
counts obtained for cells treated with light alone activity (4-5 independent experiments). Lower panels show

representative autoradiograms. Significant differences (P<0.05, ANOVA) from control are indicated by asterisks (%)
above each bar.




3.3. Impact of PDT on signaling pathways in mouse KC

Pam?212 cells were treated with PDT with either QLT0074 or VFI combined with blue light irradiation. Forty-five min later,
cell lysates were prepared and were tested for their ability to phosphorylate defined kinase substrates in vitro. Neither
QLTO0074 nor VFI increased ERK signaling activity in light-irradiated KC (Fig. 4A). ERK activity declined below control
values at higher photosensitizer levels. Both photosensitizers produced a concentration-dependent increase of SAPK and
(Fig. 4B) and p38/HOG]I kinase (Fig. 4C) activity in light-irradiated KC. Lower amounts of QLT0074 than VFI were
required to stimulate these biochemical activities. In contrast, blue light alone or either photosensitizer in the absence of light
irradiation did not affect these biochemical pathways (data not shown).

3.4. Influence of PDT on the CHS response

QLT0074 or VFI in combination with whole body blue light irradiation produced significant (~40%) reductions in the ear
swelling response of Balb/c mice painted with DNFB (Fig. 5). Blue light alone did not affect the magnitude of the CHS
response.

light VFI  QLT0074
+ - -
+ + -
+ - +

0 30 60 90 120 150
ear swelling response (% control)

Fig. 5. PDT with VFI or QLT0074 combined with whole body and blue light irradiation inhibits the CHS response to a
topically applied hapten DNFB. Balb/c mice were treated with photosensitizer (1.4 umol/kg) 1 h prior to blue light irradiation
(15 J/cm®) and 24 h prior to the initial DNFB application. The hapten was applied to an ear 5 days after PDT and ear-swelling
responses were determined 24 h later. Each group consisted of 10-15 mice. Results are presented as a percentage of the
response generated by DNFB-sensitized animals not exposed to light or given PDT. For mice not given an initial exposure to
DNEN the ear swelling irritant reaction produced an increase in ear swelling thickness of 1.7 + 0.6 mm x 10,

* P< 0.05: Difference from the control result as determined by the Bonferoni multiple comparison t-test.

3.5. Inhibition of adjuvant-induced arthritis with PDT

MRL/Ipr mice exhibited frank arthritic changes within 10 days following the administration of CFA. Animals given a series
of 3 PDT treatments 10 days apart, with QLT0074 combined with blue light irradiation, exhibited less ankle swelling than the
CFA-injected control mice over the final 15 days of the experiment (Fig. 6). Untreated MLR/Ipr mice display joint swelling
as a component of their underlying autoimmune disease (3), accounting for the modest increase in ankle thickness within the
control group.
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Fig. 6. PDT with QLT0074 and blue light irradiation inhibits the development of adjuvant-induced arthritis in MRL/lpr mice.
CFA-injected, PDT-treated mice ( ) were given QLT0074 (1.4 pmol/kg) and fluorescent blue light (14.5 J/cmz) irradiation
on days 0, 10 and 20 as indicated (V). CFA-injected (M) and untreated (@) animals served as controls. Ankle width
determinations were performed every 5 days. Means  the standard error values for 8-13 mice per group are shown.

4. DISCUSSION

Verteporfin was developed to meet a need for an effective photodynamic agent that did not produce extended skin
photosensitivity. Extensive laboratory work with VFI demonstrated its potent capacity to produce the photodynamic killing
of a wide variety of cell types. This capacity was likely due to the localization of the photosensitizer to intracellular regions
that influence cell death/viability'*'®'®, The quest for photosensitizers with high specific activity against target cell
populations and limited retention in vivo has continued. We present evidence that QLT0074 exhibits characteristics that
indicate it may be a suitable candidate for the photodynamic treatment of immune disease. First, normal human T cells and
KC as well as mouse Pam212 KC are sensitive to the effects of this photosensitizer at low concentrations in vitro using blue
light for photo-activation. Secondly, the photodynamic induction of cell death with QLTO0074 is rapid, a property this
photosensitizer shares with verteporfin. For KC, frank apoptosis-related changes (caspase-3, -8 and -9 activation, PARP
degradation) were observed by 3 h post-PDT with both photosensitizers. This rapid induction of apoptosis suggests that the
cellular sites of interaction include those (e.g. mitochondria) that are directly linked to the cell death machinery. The
mobilization of caspase-3 in PDT-treated KC corresponds to events elicited in different tumor cell types (11-15) and normal
human endothelial cells® treated with VFI and red light. Activated caspase-3 is associated with apoptosis instigated by a
wide variety of cell death initiators". Although caspase-8 activation is typically associated with apoptosis-regulating receptor
(e-g- Fas, TNF-a) signaling, it may also be activated by other caspases in cells treated with chemotherapeutic agents® as well
as PDT'®P, Pro-caspase-9 requires the release of cytochrome ¢ from the mitochondrion to the cytsolic fraction and the
formation of a pro-caspase-9/cytochrome c¢/APAF-1 complex in the presence of ATP for its activation’*!. The early
involvement of caspase-9 in PDT-induced apoptosis using either QLT0074 or VFI is suggestive that mitochondrial events
likely initiate the death cascade in these cells with these photosensitizers.

The capacity of VFI and QLT0074 to activate SAPK and HOG1 kinase, but not ERK, activity in mouse Pam212 cells
indicates that these two photosensitizers impart a similar biochemical signature on these cells. Lower amounts of QLT0074 than
VFI were required to trigger Pam212 cell SAPK and HOGI activation. Experiments performed with human T cells and mouse
Pam212 cells indicate that these cell types take up QLT0074 to higher levels than verteporfin (data not shown), likely accounting
for the greater photodynamic activity observed with QL.T0074. The significance of these signaling events triggered by PDT
remains unresolved. Blockade of p38/HOG1 kinase activity with specific pyridinyl imidazole compounds inhibited PDT-
induced apoptosis with the photosensitizer Pc4 in mouse lymphoma cells*2. In contrast, inhibition of SAPK and p38/HOG!1
kinase exaggerated the extent of apoptosis produced in Hela cells treated with hypericin and red light”. Different cell types
may differ in their utilization of biochemical signaling pathways in their response to photodynamic stress. The interaction of




a number of signaling pathways likely influences the functional behavior or survival of cells treated at PDT intensities lower
than those that induce rapid cell death.

Inhibition of the immunologically mediated CHS response to topically applied haptens has been previously
described for mice treated with different photosensitizers and light”***, In the present work, treatment with VFI or QLT0074
combined with whole body blue light irradiation caused a 40-60% reduction in ear swelling responses upon DNFB challenge.
Under the treatment conditions utilized, no significant difference in the magnitude of the inhibitory effect of these two
photosensitizers on the CHS response was evident. Although the mechanisms that account for the inhibitory action of PDT
on the CHS response have not been fully defined, it is clear that both photodynamic agents have a comparable inhibitory
impact in this murine model. It is possible that PDT may inhibit the CHS response by effects on skin APC, since the
sensitization phase but not the elicitation stage of the response is most sensitive to PDT’.

PDT with VFI and red light irradiation was shown to impair the development of adjuvant-induced arthritis in Fas-
deficient MRL/Ipr strain mice (3,4). Autoreactive T cells are believed responsible for orchestrating the degenerative joint
changes associated with this immune condition (3). It was suggested that PDT might target activated arthritogenic T
lymphocytes to protect against arthritis development in this model>*. A series of PDT treatments, consisting of QLT0074
combined with blue light irradiation, inhibited arthritis induction as indicated by the degree of ankle swelling that normally
develops following the administration of adjuvant. PDT with QLT0074 and blue light was as effective as VFI and red light
irradiation >* in preventing adjuvant arthritis in this model.

QLTO0074 is a highly potent photosensitizer and exhibits a similar biological activity to VFI for the induction of
human KC and T cell apoptosis as well as in the triggering of Pam212 KC signaling events. QLT0074 was generally
effective at lower concentrations than VFI. The stronger photodynamic activity of QLT0074 than VFI appears related to its
greater uptake by cells. QLT0074 and VFI had comparable inhibitory impact upon two murine immune models revealing the
immunomodulatory attributes of these photosensitizers in combination with blue light irradiation.

For the treatment of psoriasis with PDT, it is unclear whether an effective therapy should target plaque T cells or
also directly influence the growth rate and/or survival of the hyper-proliferative KC within these regions. It has been
indicated that KC within psoriatic plaques express high levels of the anti-apoptosis protein Bel-x1 and are more resistant to
apoptosis than normal KC*. Clearly, PDT can induce apoptosis in normal human KC. PDT with VFI can effectively kill
tumor cell types that over-express the pro-survival Bcl-2'*" or Bel-x1'*1? proteins. To further understand its anti-psoriasis
potential, it will be important to determine the impact of PDT with QLT0074 on the growth characteristics, cytokine
secretion, surface immuno-regulatory receptor expression and survival of cytokine-activated KC and to define the relative
sensitivity of T cells and KC to photodynamic killing.
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ABSTRACT

Due to inflammatory/immune responses elicited by photodynamic therapy (PDT), this modality is particularly suitable in
combination with various forms of immunotherapy for an improved therapeutic gain. A wide variety of approaches that may
be applicable in this context include those focusing on amplifying the activity of particular immune cell types (neutrophils,
macrophages, dendritic cells, natural killer cells, helper or cytotoxic T lymphocytes). Another type of approach is to focus on
a specific phase of immune response development, which comprises the activation of non-specific inflammatory immune
effectors, immune recognition, immune memory, immune rejection, or blocking of immune suppression. These different
strategies call for a variety of immunotherapeutic protocols to be employed in combination with PDT. These include
treatments such as: i) non-specific immunoactivators (e.g. bacterial vaccines), ii) specific immune agents (cytokines, or other
activating factors), iii) adoptive immunotherapy treatments (transfer of dendritic cells, tumor-sensitized T lymphocytes or
natural killer cells), or iv) their combinations. Techniques of gene therapy employed in some of these protocols offer novel
opportunities for securing a potent and persistent immune activity. Using PDT and immunotherapy represents an attractive
combination for cancer therapy that is capable of eradicating both localized and disseminated malignant lesions.

Keywords: photodynamic therapy, solid cancers, inflammatory response, immunotherapy, cytokines

1. INTRODUCTION

Photodynamic therapy (PDT) exploits the capacity of drugs called photosensitizers to absorb the energy of light and transfer
it to molecular oxygen, which results in the formation of highly reactive oxygen radicals (predominantly singlet oxygen)
responsible for initiating the destruction of targeted tissue'>. Regulatory approval for the PDT treatment of several types of
early and advanced stage cancers has been obtained in various countries, while additional clinical trials, including a number
of new generation photosensitizers, are in progress'. The application of PDT is also being extended to a variety of non-
malignant diseases.

Direct killing of tumor cells by the phototoxic action is only one element participating in a combined action of several cancer
tissue destroying mechanisms responsible for tumor regression following PDT**. Tumor cells spared from the direct killing
effect can be inactivated by: i) the ischemia developing after the vascular occlusion due to the damage inflicted by PDT in the
vasculature of treated tumors; ii) deleterious effects of the induced damage to tumor extracellular matrix; iii) activated

inflammatory cells sequestered in large numbers to the treated site; or iv) immune cells recognizing cancer epitopes that are
generated and activated in the context of PDT-induced tumor immunity.

Strong immune reaction elicited against PDT-treated solid cancers was suggested to originate from the basic character of the
insult inflicted by this therapy and to be subsequently propagated by the PDT-induced inflammatory process™**, The initial
impact comes from singlet oxygen-mediated oxidative stress that triggers early events associated with physiological signaling
cascades, as well as the activation of membrane-localized phospholipases responsible for the liberation of pro-inflammatory
mediators from damaged cellular membranes. Another profound pro-inflammatory impact comes from the events triggered
by phototoxic lesions inflicted directly in tumor vasculature. Damage induced by PDT directly in the extracellular matrix was
also implicated to have a major influence on tumor response, which includes inciting the release of powerful inflammatory
mediators®®, The engaged signal transduction pathways are responsible for the activation of transcription factors for multiple
genes involved in the development of inflammatory/immune responses"®. These events create conditions for the generation
and propelling of a robust immune response dominated by the Thi-type and cellular arm of the immune system that is
capable of developing and maintaining a protective immunity against PDT-treated cancer. A factor of crucial importance is
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the uniquely rapid disintegration of tumor tissue following photodynamic light exposure. Within several hours, }arge
amounts of debris are produced from many dead cancer cells, which provides the abundance of peptide antigens that antlgesn-
presenting cells can ingest and present for the generation of major histocompatibility complex-restricted immune responses’.

The induction of tumor immunity by PDT was directly demonstrated using techniques of bone marrow transplantation or
adoptive splenocyte/T cell transfer between immunocompetent and immunodeficient mice™'®, as well as specific depletion of
helper and cytotoxic T lymphocytesw'“. Recovery of immune memory cells from distant lymphoid sites confirmed the

induction of systemic immunity raised even against poorly immunogenic tumors'®'>',

Effectiveness of modern clinical cancer protocols is in many cases based on successful combinations of several treatment
modalities. It is, therefore, reasonable to expect that further improvements in the exploitation of PDT in clinical cancer
therapy will largely depend on the development of protocols in which this therapy will be used in conjunction with other anti-
cancer treatments. The absence of systemic (organ) toxicity or other serious side effects makes PDT suitable to be combined
with a variety of other tumor therapies without inducing additional damage to normal tissues. On the other hand, the
complexity of the antitumor effect by PDT opens a variety of approaches for intervention with second types of treatment at
different levels of interaction'®. In addition to immunotherapy, encouraging prospects for the application in conjunction with
PDT were reported for various treatments, including surgery'>'S, hyperthermia'’, chemotherapy'®, hyperbaric oxygen'’,
ionizing radiation®®, and hypoxic cytotoxins® .

A growing list of publications is being accumulated, which demonstrate that the response of tumors to PDT can be enhanced
(in some cases dramatically) by combining this modality with various types of immunotherapy*. In these pre-clinical studies,
encouraging results were documented with different rodent tumor models, and it was shown that the therapeutic benefit is
achievable even with poorly immunogenic cancers. These findings clearly demonstrate that PDT response is exceptionally
receptive to modulation with largely diverse types of immunotherapy protocols. The present report attempts to outline
various strategies that have been employed or are contemplated for using immunotherapy in conjunction with PDT.

2. BASIC CONCEPTS FOR IMMUNE TARGETING WITH PDT
Various immunotherapy regimens have been examined for their efficacy to improve the therapeutic outcome of PDT in

treatment of solid cancers. They encompass different classes of immune agents that have previously been established in
preclinical and/or clinical studies, and they are listed in Table 1. Each of these classes will be examined in more detail below.

Table 1: Classes of immune agents for use in conjunction with PDT

Non-specific immunoactivating agents
Cytokines

Other specific immunoactivating agents
Modulators of immune cell adhesion
Adoptively transferred immune cells

Modulators of PDT-induced immunosuppression

Another way of designing immunotherapy protocols for use with PDT is to target a specific phase of immune response
development, as outlined in Table 2. Remarkably, the accumulated experimental evidence suggests that all of these different
approaches can be successful and none of these has as yet emerged as a clear favorite by proving to be superior to the others.
The choice is most likely to depend on the specific type of cancerous lesion treated with PDT and immunotherapy. It
remains also to be determined whether certain classes of photosensitizers used for PDT require specific types of
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immunotherapy. For instance, it should be determined whether immunotherapy that potentiates early stages of immune
development process interacts equally well with PDT based on photosensitizers inducing primarily vascular damage as with
photosensitizers not targeting tumor vasculature.

Table 2: Approaches for immune response enhancement in PDT-treated tumors

Accentuation of inflammatory reaction responsible for the development of immune response
Facilitating the immune recognition of tumor antigens

Enhancing the accumulation of tumor-sensitized immune memory cells

Augmenting the immune rejection of treated tumors

Blocking the development of PDT-induced immunosuppression

Since the antitumor immune response induced by PDT is primed and driven by the inflammatory process, it was warranted to
examine how effective is the use of agents that amplify the induced inflammatory response. Interestingly, no benefit to the
therapeutic outcome of PDT treatment of mouse mammary EMT6 sarcoma was obtained by tumor-localized injection of
incomplete Freund’s adjuvant immediately after PDT, despite the greatly increased tumor edema’. Hence, not any
additional non-specific inflammatory impact can influence the mechanism of antitumor action of PDT. However, agents
such as pro-inflammatory cytokines were shown to be effective in enhancing PDT-mediated tumor cures™. It should be
noted, though, that in most cases even specific agents like cytokines are not exclusively affecting one type of immune cells or
a single phase of immune response. Consequently, the observed therapeutic benefit (increased cure rate of PDT-treated
tumors) may result from an integrated effect of multiple actions boosted by a single immunomodulating agent.

The enhancement of immune recognition in PDT-treated tumors likely underlies the beneficial effects obtained when
cytokines interleukin (IL)-3%, granulocyte macrophage-colony stimulating factor (GM-CSF)* and adoptively transferred
dendritic cells® were combined with this therapy. Expanded engagement of later phases in the antitumor immune response is

presumably responsible for increased tumor cures when PDT was combined with adoptive transfer of tumor-sensitized lymph
node cells**, BCG" or cytokine IL-7%.

Table 3: Immune cell types targeted by immunotherapy used with PDT

Neutrophils
Macrophages

Dendritic cells

Helper T lymphocytes
Cytotoxic T lymphocytes
NK cells




Some immunotherapy regimens that were examined in conjunction with PDT are acting primarily on certain type of immune
effector cells (Table 3), as will be elaborated below. Again, it is remarkable that boosting the activity of divergent immune
cell types was shown suitable for elevating the PDT-based tumor cures.

3. NON-SPECIFIC IMMUNOACTIVATING AGENTS

Non-specific immunoactivating agents are generally inducing an immune reaction indirectly through innate immune
mechanisms, in most cases by elaborating inflammatory responses and/or activating phagocytes. Most of these agents are
attenuated microbes or components of their membranes. Two types of bacterial vaccines, Bacillus Calmette-Guérin (BCG)
and Corynebacterium parvum, were reported to enhance the PDT response of various mouse tumor models>***2, Agents of
bacterial origin, mycobacterium cell-wall extract and endotoxin have also shown similar beneficial results**%. Another non-
specific immunoactivator demonstrated to improve the curative effect of PDT was SPG (glucan of fungal origin)*. Increased
accumulation of activated Mac-1 positive myeloid cells into treated tumors induced by SPG was suggested to play a role in
the enhancement of tumor regression following PDT. This benefit was observed with SPG only when administered before,
and not after, PDT (9 daily doses i.m.), in contrast to BCG that was shown to be most effective when given after PDT as

tumor-localized injection’.

Among the above agents, the most detailed study was done with BCG plus PDT combination using murine EMT6
sarcoma’®. Six different photosensitizers (Photofrin, BPD, mTHPC, NPe6, Lu-Tex and ZnPC) were used for PDT in this
study. It was shown that BCG (single injection) improved the therapy outcome irrespective of the type of photosensitizer
used. Compared to PDT only, PDT plus BCG treatment resulted in markedly greater incidence of immune memory T cells
found in tumor-draining lymph nodes analyzed 6 days post treatment. This finding suggests that the mechanism of BCG
interaction with PDT involves the amplification of T-lymphocyte-mediated immune response against PDT-treated tumors,

4. CYTOKINES

Cytokines are increasingly coming into focus of PDT plus immunotherapy studies. These agents are either administered as
pure (recombinant) proteins, or are delivered using gene therapy techniques. With respect to the latter, retroviral and
adenoviral vectors were used in our laboratory for the transfection of tumor cells with genes encoding particular cytokines.
In protocols with retroviral vectors, single of multiple tumor-localized injections are used of about 10 million lethal (x-ray)
irradiated cells originating from the same tumor that have been transfected in vitro with a cytokine gene”. The transfection
of tugors in situ with cytokine genes can be achieved with adenoviral vectors, and this is usually done several days before
PDT.

In our PDT studies, retroviral vectors were employed for tumor-localized delivery of cytokines GM-CSF and IL-72%. The
results demonstrated that the immunotherapy with both these cytokines enhances the response of subcutaneous mouse tumors
to PDT. While interluekin-7 primarily stimulates the antitumor activity of T-lymphocytes®, the action of GM-CSF is more
complex as it stimulates the maturation and function of ulocytes and monocytes/macrophages, induces release of other
cytokines, and stimulates the antigen presentation activity>°.

The use of adenoviral vector-based cytokine gene transfer in conjunction with PDT is investigated in our laboratory in
collaboration with Dr. G. Dougherty (UCLA, Los Angeles). The results we obtained with adenoviral constructs containing
the gene encoding interleukin-3 (AdvIL3) are particularly encouraging. High titre AdvIL3 were injected subtumorally in
mice bearing subcutaneous Lewis lung carcinomas four days before these poorly immunogenic tumors were treated with
mTHPC-based PDT. This produced high tumor cure rates, in contrast to PDT only treatment that was not curative?®. The
observed effect of interleukin-3 appears to involve the mobilization of neutrophils, enhanced immune recognition of tumor,
and participation of helper T lymphocytes in immune rejection of PDT-treated tumors.

The cytokines that have been used successfully as recombinant proteins in PDT studies are IL-1p, IL-6, IL-8, IL-18, TNF-q.
and IFN-y>%, They are commonly regarded as inflammatory cytokines and known as potent activators of neutrophils, which
draws the attention to considerable potential that these cells appear to have in the eradication of PDT-treated cancers®~®.
Their effect on PDT tumor response is critically dependent on the administration site and timing relative to PDT light
exposure. Tumor-localized injection appears optimal with most of these agents, which also helps avoiding harmful systemic
toxicity known to be a serious problem with some cytokines.
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5. OTHER SPECIFIC IMMUNOACTIVATING AGENTS

Very effective potentiation of the curative effect of PDT was achieved with vitamin D;-binding protein-derived macrophage-
activating factor (DBPMAF)*. This highly potent specific activator of macrophages is also known as GeMAF, since vitamin
D; binding protein in human serum is called group-specific component or Ge protein®**!, The most effective DBPMAF
therapy consisted of a combination of intraperitoneal and peritumoral injections (50 and 0.5 ng/kg respectively) administered
on days 0, 4, 8 and 12 after Photofrin-PDT. Used with a PDT treatment that was curative to 25% of the treated subcutaneous
mouse SCCVII squamous cell carcinomas, this DBPMAF regimen boosted the cures to 100%. The results of this study
suggest that the activation of macrophages in PDT-treated mice by adjuvant immunotherapy has a synergistic effect on tumor
cures.

6. MODULATORS OF IMMUNE CELL ADHESION

Adhesijon molecules on immune cells and their counterparts in the endothelium and extracellular matrix play a crucial role in
inflammatory/immune responses, since they regulate the trafficking of leukocytes and their activation. Modulators of
immune cell adhesion, such as antibodies to specific adhesion molecules established as agents that can dramatically affect
various inflammatory and immune responses, have a pronounced influence on the PDT tumor response>*, We have shown
that the treatment with monoclonal antibody against mouse CD18 (common chain of B, integrin receptors) dramatically
changes the outcome of PDT treatment of mouse tumors and this effect appears to be largely influenced by the type of treated
tumor®, Interestingly, the outcome of Photofrin-PDT treatment of mouse SCCVII tumors was markedly improved by the
anti-CD18 antibody administered not only before, but aiso after photodynamic light exposure. The inhibited leukocyte-
endothelium interaction, which diminishes the occlusion of blood vessels and consequently improves oxygenation of tumors
during photodynamic light delivery, is one possible explanation for this result. However, this cannot account for the
enhancement of PDT-mediated tumor cures by anti-CD18 injected after light treatment. Evidently, the underlying
mechanism of the effect of this antibody is more complex. This is not surprising since integrins are involved in a number of
important physiological functions. This includes complement activation, phagocytosis, oxidative burst, degranulation and
antigen-dependent cell cytotoxicity in neutrophils, as well as mediation of cellular transduction pathways (control of
apoptosis), while it is also known that blocking integrins inhibits the induction of immunosuppression**. Further studies
aimed to elucidate the effects of blocking adhesion molecules in conjunction with PDT are in progress in our laboratory.

7. ADOPTIVE IMMUNOTHERAPY

Adoptive immunotherapy protocols involving the transfer of lymphoid killer cells, tumor-sensitized T lymphocytes, or
dendritic cells to tumor-bearing recipients are in the focus of numerous ongoing cancer immunotherapy studies®’™.

Protocols for adoptive transfer of these three immune cell types in conjunction with PDT are under investigation in our
laboratory®®*.

The NK-92MI variant of NK-92 cell line originally established from a patient with non-Hodgkin’s lymphoma® that was
stably transfected with IL-2 gene®’ (obtained from Dr. H.-G. Klingemann) was used in our studies as a source of large
numbers of in vitro expanded activated NK cells. Typically, 50 million of these cells are injected peritumorally after PDT
treatment in our studies with human tumors xenografted subcutaneously in scid/NOD mice. This protocol proved beneficial
for the outcome of mTHPC-PDT with two different human tumor models, since markedly higher cure rates were observed
with this combined protocol compared to PDT alone.

The source of tumor-sensitized T Iymphocytes in our experiments are the inguinal lymph nodes draining tumors implanted in
the lower back of syngeneic donor mice. These cells are injected intravenously (typically also 50 million/mouse) into
recipients bearing the same tumor after it was PDT treated. In addition to this basic protocol, a variety of procedures could
be used to enhance the activity of adoptively transferred T cells. They either aim at increasing the incidence of tumor-
sensitized T-lymphocytes in the lymph nodes of future donors, or focus on expanding and activating T-cells in vitro before
their injection into recipients, or target the activity of these cells after the adoptive transfer. Hence, a great deal of work can
be done on the optimization of protocols involving PDT and adoptive T cell transfer. Nonetheless, the results obtained so far
demonstrate that this type of immunotherapy can potentiate curative effects of PDT?"3,

Dendritic cells for the adoptive transfer combined with PDT were obtained from mouse bone marrow cultured ex vivo with
GM-CSF and IL-4%, Either naive or tumor lysate-pulsed dendritic cells are included in our studies. While single tumor-




localized injection of 1 million dendritic cells showed no significant effect on tumor growth, the same treatment combined
with PDT resulted in cures of poorly immunogenic Lewis lung and SCCVII carcinomas that were markedly higher compared
to PDT only treatment®. Importantly, even adoptively transferred naive dendritic cells were effective in these protocols,
which indicates that PDT treatment results in liberation of tumor antigenic peptides that dendritic cells can effectively
process and present to T lymphocytes.

8. INHIBITORS OF PDT-INDUCED IMMUNOSUPPRESSION

The PDT treatment of solid cancers elicits not only an immune response against these lesions, but is also accompanied by an
immunosuppressive reaction***>*, The latter is known to develop after some types of inflammatory challenge®*, presumably
as a natural feedback mechanism to prevent the excessive inflammatory damage of the affected tissue. For the outcome of
tumor therapy with PDT, it is important that the induced immunoactivation dominates over immunosuppression®. This
reasoning led to formulation of approaches designed to “de-couple” the PDT induced immunosuppression by inhibiting or
preventing events critical for its development, and thus secure an un-hindered action of PDT-activated immune cells and
hence more pervasive tumor eradication.

Several of the immune agents mentioned above may have produced positive interaction with PDT not only by stimulating
immune responses, but also by diminishing the PDT-induced immunosuppression. For DBPMAF, it was shown that its
action includes the reduction of PDT-induced immunosuppression assessed by the evaluation of delayed-type contact
hypersensitivity response in tumor-bearing mice®. Other immune agents shown to enhance the response of tumors to PDT
that are also known to exhibit an inhibitory effect on immunosuppression are GM-CSF and antibodies against integrins***’.

A more specific target for blocking the PDT-induced immunosuppression is the neutralization of IL-10. This cytokine,
whose expression was reported to be elevated following PDT*%, is known as a key mediator in the attenuation of a wide range
of inflammatory and immune responses and is instrumental in the development of immunosuppression®™®, Although Reddan
and co-workers reported that the PDT-induced immunosuppression was not reversed by pre-treatment of mice with
antibodies to IL-10 in their experimental model®, we have recently been successful in improving the response of Lewis lung
carcinomas to mTHPC-PDT and adoptive T-cell immunotherapy by additional treatment with anti-IL-10 (Korbelik,
unpublished results).

9. CONCLUSIONS

The development of protocols in which PDT is used in conjunction with advanced immunotherapy regimens appears to have
potential for further advancing the exploitation of this modality for treatment of solid cancers. Hopefully, some of such
combined protocols will be clinically tested in a near future.

Successful application of cancer immunotherapy is frequently impeded by its inefficiency against larger tumor burden. Thus
the immunotherapy treatments investigated in the above-discussed pre-clinical studies were generally not successful when
used alone to cure the treated subcutaneous tumors. De-bulking the tumor mass can be effectively achieved by PDT, even
with relatively large lesions provided the light dosimetry is adequately planned. Other characteristics of PDT-induced
response that facilitate the effect of adjuvant immunotherapy include: i) the stimulation of leukocyte sequestration/homing to
the treated cancerous lesion; ii) elaboration of various inflammatory/immune mediators that are necessary for the
development and propagation of the antitumor immune response; and iii) generation of large amounts of debris containing
antigenic tumor peptides.
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ABSTRACT

The ideal cancer treatment modalities should not only cause tumor regression and eradication but also
induce a systemic anti-tumor immunity. This is essential for control of metastatic tumors and for long-term
tumor resistance. Laser immunotherapy using a laser, a laser-absorbing dye and an immunoadjuvant has
induced such a long-term immunity in treatment of a mammary metastatic tumor. The successfully treated
rats established total resistance to multiple subsequent tumor challenges. For further mechanistic studies of
the antitumor immunity induced by this novel treatment modality, passive adoptive transfer was performed
using splenocytes as immune cells. The spleen cells harvested from successfully treated tumor-bearing rats
provided 100% immunity in the naive recipients. The passively protected first cohort rats were immune to
tumor challenge with an increased tumor dose; their splenocytes also prevented the establishment of tumor
in the second cohort of naive recipient rats. This immunity transfer was accomplished without the usually
required T-cell suppression in recipients.

Keywords: laser immunotherapy, adoptive immunity, indocyanine green, glycated chitosan

1. INTRODUCTION

The most effective cancer treatment modality should target the host immune system so that it can not only
eradicate the treated primary tumors, but also cause regression and eradication of metastases. Furthermore,
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such a modality should produce in treated hosts a long-term resistance to tumors to which they were
originally exposed. Tumor immunity has been achieved by immunotherapy [1-7], or by a combination of
chemotherapy and immunotherapy [8-9]. Antitumor immunity resulted from using immunoadjuvant has
been shown to reject subsequent tumor challenges, and to be adoptively transferred using immune lymphoid
[1] or spleen cells [2-9] in animal experiments. However, in most cases such immunity transfer requires T-
cell suppression in recipients, [1, 3-5, 10-11] and sequential passively transferred immunity often loses the
tumor resistance [8]. Immune enhancement was also observed after Photodynamic Therapy (PDT), using
light activated photosensitizers [12-15]. However, the real mechanism of immune responses induced by
PDT is unclear and the adoptive transferability has not been investigated.

To induce a long-term tumor-specific immunity, a novel treatment modality, laser immunotherapy, was
developed. It utilizes a novel immunoadjuvant administered together with a laser-absorbing dye, followed
by non-invasive irradiation by a near-infrared laser. This novel therapy caused regression of both treated
primary tumors and untreated metastases in animal studies. It also induced a long-term resistance to
subsequent tumor challenges.  Histochemical and immunological studies showed that the laser
immunotherapy treatment has induced a tumor-specific host immune response. [16-18]

To test the protection ability of the induced immunity, several groups of successfully treated rats were
challenged repeatedly with increased inoculation dose of the tumor cells to which they were originally
exposed. To study the mechanism of the induced antitumor immunity, adoptive transfer using immune
spleen cells was performed. The resistance to tumor challenges after laser immunotherapy treatment, and
the inhibition of tumor growth in naive recipients and the protection again subsequent tumor challenge after
immunity transfer were studied. Also tested was the ability of the passively transferred immunity to protect
subsequent cohorts of naive recipient rats.

2. MATERIALS AND METHODS

2.1. Tumor Model

DMBA-4 transplantable, metastatic mammary tumor model [19-20] in female Wistar Furth rats (Harlan
Sprague-Dawley, Indianapolis, Indiana) was used in the experiments. The tumor cells were harvested from
live tumor-bearing rats and naive rats were inoculated subcutaneously in one of the inguinal fat pads, seven
to ten days before laser immunotherapy treatment. The usual inoculation dose is 10> viable tumor cells per
rat. Without treatment, the tumor bearing rats usually survive an average of 30 days after tumor
inoculation.

2.2. Laser Immunotherapy

This novel treatment method consists three components: a near-infrared diode laser, Indocyanine Green
(ICG), and Glycated Chitosan (GC). The solution of ICG, serving as the laser absorbing dye, and GC,
serving as the immune stimulant, was directly injected to the tumor before the non-invasive laser
irradiation. The injection dose was 200 pl solution containing 0.25% ICG and 1% GC. The tumor was
irradiated with the 805-nm laser at 2 watts (CW) for 10 minutes. The successfully treated usually
experienced a gradual regression in both treated primary tumor and untreated metastases. (For detailed
laser immunotherapy procedure, see Refs. 16-18).

2.3. Adoptive Immunization

Viable tumor tissue was harvested from live rats bearing the DMBA-4 tumor and was dispersed to a single
cell suspension by grinding in a loose-fitting ground glass homogenizer. The successfully treated rats by
laser immunotherapy were challenged with an increased tumor dose of 10° cells per rat. At the same time,
control rats were inoculated with a dose of 10° cells per rat. Twenty-eight days after the tumor inoculation,
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the control and long-surviving rats were sacrificed by cervical dislocation and their spleens were dissected
free of fat and cell suspensions were prepared by mechanical disruption into medium with 10% calf fetal
serum. Also collected was the spleen cells from a naive rat without prior exposure to the tumor cells.
Spleen cells and viable tumor cells were counted on a haemocytometer before admixed. The admixture had
a 400:1 spleen to tumor cell ratio. Naive rats were inoculated with the admixture containing 4x10” spleen
cells and 10° tumor cells in a volume of 200 pl.

3. RESULTS

3.1. Rechallenge of Cured Rats

Following successful treatment by laser immunotherapy, fifteen cured rats were challenged with 10® viable
tumor cells 120 days after the treatment. To compare with the tumor growth in control rats of the same age,
cighteen naive rats of age 25 weeks (the same age as the successfully treated rats) were also challenged
with a dose of 10° viable tumor cells per rat. As shown in Table 1, all the cured rats showed total
resistance to the challenge; neither primary tumors nor metastases were observed. On the contrary, the
control rats all developed primary and metastatic tumors and died around 30 days after the inoculation.
The survival time appeared to be dependent on the tumor dose. The control rats with the inoculation of 10°
cells survived on average 33 days, while the control rats with inoculation of 10° cells survived only 28
days.

After the first rechallenge, the rats from several different experimental groups were followed by two
subsequent challenges in a time interval from one month to five months, again with the increased tumor
dose. As shown in Table 1, all the cured rats were totally refractory to three tumor challenges after the
successful treatment by laser immunotherapy.

TABLE 1

Tumor rechallenge of rats previously cured by laser immunotherapy treatment

Number Number of Tumor Survival
Group of rats Tumor Cells Occurrence (days)

Young Control Rats ' 20 10° 100% 32.7+3.5

Age-Matched Control Rats 2 18 10° 100% 28.2+2.8
Cured Rats (1st challenge)’ 15 10° 0% >120
Cured Rats (2nd challenge) * 15 10° 0% >120
Cured Rats (3rd challenge)’ 15 10° 0% >120

' Young female Wistar Furth rats with tumor inoculation at the age of 8 weeks, with the normal tumor dose
of 10° viable tumor cells.

% Untreated rats of the same age as the cured rats at the time of inoculation, without previous exposure to
tumor.

* Tumor-bearing rats cured by laser-ICG-GC treatment. These tumor-free rats were challenged with 10°
viable tumor cells 120 days after the initial inoculation.

* Successfully treated rats from different experiments were challenged the second time one to five months
after the first challenge.

> Successfully treated rats from different experiments were challenged the third time one to five months after
the second challenge.

3.2. Adoptive Immunity

Naive rats were divided into four different groups for the adoptive immunity transfer experiments and then
inoculated with tumor cells. Group A contains the tumor-bearing control rats, inoculated by 10° viable




tumor cells without any treatment. Group B contains the rats inoculated with tumor cells admixed with
spleen cells from a control tumor-bearing rat. Group C contains rats inoculated with tumor cells admixed
with immune spleen cells from a laser immunotherapy cured rat, 28 days after tumor rechallenge. Group D
contains the rats inoculated with viable tumor cells admixed with spleen cells harvested from a naive rat
without prior exposure to tumor. Figure 1 displays the survival curves for all four groups from two
separate experiments. The spleen cells from a laser immunotherapy cured rat provided 100% protection to
the recipients; neither primary nor metastatic tumors were observed among the rats in Group C. The
control rats in Group A all died with multiple metastases within 35 days of tumor inoculation. The spleen
cells from a healthy rat did not provide any protection to the recipients in Group D, as shown by the thin
solid curve in Figure 1. Only one in ten rats in Group B survived, as shown by the dotted curve in Figure 1;
however, this rat developed both primary and metastases.

Sixty days after the adoptive immunity transfer, all the rats in Group C were challenged again and all the
rats withstood the challenge. To test of the ability of their splenocytes in protecting a subsequent cohort of
normal Wistar Furth recipient rats, the spleen cells of the rats in Group C were collected. These immune
spleen cells were admixed with tumor cells in the same ratio as in the first adoptive transfer. Six naive rats
were inoculated with this admixture. The results are shown in Figure 2. For comparison, the data of the
first protected cohort (Group C in Figure 1, the thick solid line), and that of control rats (Group A in Figure
1, the gray line), are also presented in Figure 2. As shown in Figure 2, the immune cells from the rats in
Group C protected five out of six rats (the thin solid curve); neither primary tumor nor metastases were
observed in the five protected rats. One rat in this group died with a prolonged survival time, in
comparison with the control group (60 days versus 30 days), and with a delayed emergence of tumors, 37
days after tumor inoculation, compared with 7 to 10 days in control rats.
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Figure 1. Rat survival curves in the adoptive immunity experiments using rat splenocytes as
immune cells. Data were collected from two separate experiments. Viable tumor cells were admixed
with spleen cells from different rats, then injected to naive rats. The ratio is 40 million spleen cells
to 100,000 tumor cells per rat. The thick gray line represents the rats in Group A, the tumor control
rats. The dotted line represents the rats in Group B, injected with tumor cells admixed with spleen
cells from an untreated tumor-bearing rat. The thick solid line represents the rats in Group C,
injected with tumor cells admixed with spleen cells from a laser immunotherapy cured rat. The thin
solid line represents the resuit using spleen cells from a naive rat (Group D). The spleen cells from
laser immunotherapy treated rat totally inhibited the tumor growth; all the rats survived and none
developed tumors. In comparison, only the spleen cells from tumor-bearing rats had certain impact
on rat survival with a 10% survival (see the dotted line). Rats in all three groups except for rats in
Group C developed metastases.
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4. DISCUSSION

Our previous animal experiments showed the efficacy of laser immunotherapy in treating metastatic tumors
through a local application [16-18]. This novel treatment modality utilizes the combined effect of a
selective photothermal effect and an immunological effect. The former is achieved through direct
application of a near-infrared laser coupled with an absorbing dye with a corresponding absorption
spectrum. [21-22] The latter is achieved by introducing a novel immunoadjuvant, Glycated Chitosan, to the
treatment site. The selective photothermal reaction reduces the tumor burden and at the same time exposes
the tumor antigens; the immunoadjuvant in situ first stimulates the host immune system and then directs the
immune system against the residue tumor and metastases. In fact, an in situ autovaccine is resulted in each
individual treated host. It is the tandem effect that not only resulted in total tumor eradication but also led
to a long-term tumor-specific immunity. This method, therefore, provides a systemic immunotherapy in
each individual host without the usually required immune cross-reactivity.

The rats successfully treated by laser immunotherapy can withstand several times of subsequent challenges
with the increased tumor dose, as shown in Table I. The tumor challenges were performed on cured rats
from four different experimental groups and at different time intervals. These results show that the induced
immunity has a long-lasting effect.
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Figure 2. Rat survival rate for the second cohort of recipient rats using passive adoptive transfer.
Immune cells were collected from rats protected by the first immunity transfer and admixed with
tumor cells in a ratio of 400:1. The admixture was injected to a second cohort of naive recipient
rats. The thin solid curve represents six rats in this group. In comparison, the thick gray line
represents the tumor control rats (Group A in Figure 1) and the thick solid line represents the results
of the first adoptive immunity transfer (Group C in Figure 1). 5 out of 6 rats (83%) in the second
cohort of rats showed total tumor resistance; only one rat in this group died, but with a longer
survival time and delayed emergence of primary and metastatic tumors.

Our experiments also show that the immunity can be passively transferred using immune spleen cells. After
the laser immunotherapy, the immune splenocytes from cured rats when admixed with tumor cells can
provide 100% protection to the normal recipient rats, as shown in Figure 1. Apparently, the spleen cells
from laser immunotherapy treated rat totally inhibited the tumor growth; all the rats survived and none
developed tumors. These passively protected first cohort rats are immune to tumor rechallenge, and their
spleen cells can provide strong protection to second cohort of normal recipients, as shown in Figure 2. The




protection to the second cohort of recipients reached 83%. The only non-survival rat in this second cohort
had a long survival time (sixty days versus 30 days of controls) and a delayed emergence of primary tumors
(37 days versus 7 to 10 days of controls). This definitely showed the strong immunity induced by the laser
immunotherapy. In comparison, the spleen cells from a naive donor not exposed to the tumor cells did not
show any impact on rat survival or on tumor growth in normal recipient rats, as show by the data in Figure
1.

The spleen cells from the donor bearing the same tumor provided a limited protective effect to the
recipients (one in ten rats in two separate experiments survived after the inoculation), as shown in Figure 2.
This could be attribute to the natural immune development in the host after the exposure to the tumor.
However, the protection by the tumor-bearing rat spleen cells was not enough to inhibit the tumor growth.
Even the survived rat developed primary and metastatic tumors then later regressed.

Although passive transfer of tumor immunity has been reported after immunotherapy [1-9], most successful
adoptive immunity transfers required T-cell depletion in the recipients [1, 3-5, 10-11]. Furthermore, large
amount of the immune cells is often needed in the transfer (an effective ratio of 1000:1 was reported in Ref.
8), and the subsequent protection of the passive transfer can be diminished significantly. For instance,
immune cells from the passively protected rats in the first cohorts could only protect 30% rats in the second
cohort of naive recipients [8].

Laser immunotherapy produced a much stronger immunity based on the following findings. (1). The
successfully treated rats can withstand repeated challenge with increased tumor dose. (2). The passive
adoptive immunity transfer in our experiments does not require the T-cell suppression in recipients. (3). A
ratio of 400:1 immune to tumor cells can provide 100% passive protection to the first cohort of naive
recipients. (4). The spleen cells from the protected rats in first cohort can strongly protect the second
cohort of normal recipients (at an 83% level). These results may be related to proliferation of donor cells
in syngeneic hosts or immunological recruitment and expansion of recipient responses. Our current
experiments are not able to determine which is the true cause of these phenomena.

The dose of immune cell may be an important factor in the adoptive immunity transfer, as indicated by the
results in Ref. 8. As the first step in determining the protective ability, only one spleen cell to tumor cell
ratio (400:1) was used in our experiments. Future studies with different ratios will yield important
information on this protection ability of the immune spleen cells. Furthermore, it is important to learn
which subset(s) of splenocytes is (are) responsible for the observed results. These studies are currently in
progress.
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ABSTRACT

Photodynamic therapy can provide a reliable method of tumor destruction when the appropriate dosimetry is applied.
Current dosimetry practice involves quantification of the drug and light doses applied to the tumor, but it would be desirable
to monitor in vivo light and drug levels to provide the most accurate determination of dosimetry. In vivo measurements can
be used to minimize variations in treatment response due to inter-animal variability, by providing animal-specific or patient-
specific treatment planning. This study reports on the development of a micro-sampling method to measure fluorescence
from tissue, which is not significantly affected by the tissue optical properties. The system measures fluorescence from the
surface of a tissue, using a fiber bundle composed of individual 100 micron fibers which are all spaced apart by 700 microns
from one another at the tissue contact end. This design provides sampling of the fluorescence at multiple sites to increase the
signal intensity, while maintaining a micro-sampling of the tissue volume just below the surface. The calibration studies here
indicate that the 1/e sampling depth is near 60 microns when measured in optical phantoms, which are similar to typical
tissue properties. The probe fluorescence signal is independent of blood concentration up to a maximum of 10% blood by
volume, which is similar to most tumor tissue. Animal tests indicate that the sensitivity to drug concentration is essentially
the same in when measured in murine liver and muscle tissues, both in vivo and ex vivo. These preliminary calibration
results suggest that the probe can be used to measure photosensitizer uptake in vivo non-invasively and rapidly via
conversion of fluorescence intensity to photosensitizer concentration.

1. INTRODUCTION

The overall goal of this study was to develop a prototype system for fluorescence based measurement of photosensitizer
uptake in tissue and to test its ability for improved photodynamic therapy dosimetry. The fiber optic bundle is designed to
quantify photosensitizer concentration by detecting a fluorescence intensity signal, which is not significantly affected by the
tissue optical properties from which the signal is measured [1]. This system provides a convenient means to measure
photosensitizer uptake non-invasively in vivo, and has been tested and calibrated in this study to characterize its performance.

While laser induced fluorescence has been utilized for a number of years in photodynamic therapy dosimetry[2-4], there are
some well recognized problems with this method which have limited the utility from routine dosimetry use. Principally, the
main problem areas are (i) that the fluorescence signal is affected by the tissue optical properties[2, 5], (ii) that calibration of
the signal to absolute concentration is confounded by changes in spectra and fluorescence yields due to binding or
aggregation in vivo [6-8]. While the latter issue is complicated, and can perhaps be solved with some detailed in vivo
calibration, the first problem is addressed in this study. Thus it would be desirable to find a method of detecting the
fluorescence which reduces the variation in signal due to different tissue properties. There have been many elegant attempts
to model the effects of tissue optical properties upon the fluorescence signal[5, 9], yet incorporation of model-based analysis
of fluorescence signals is always hindered by inaccuracies in the assumed boundary conditions or the radiative transport
approximation. In this study we have investigated a simple method to limit the influence that tissue optical properties can
have on the detected signal by reducing the fiber diameter to below the average scattering length of tumor tissue. This
method eliminates the need for model-data matching, and can be calibrated with some detailed animal experimentation.
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Monte Carlo simulations suggested that minimizing the diameter of the fibers used to sample tissue would reduce the
scattering of the fluorescence signal and thus minimize the effects of intrinsic tissue scattering and absorption parameters of
the tissue being interrogated [1, 10]. However, since small fiber diameters will lead to lower signal to noise ratio, the fiber
bundle was designed with several individual 100 micron fibers with a spatial separation of 700 to 1000 microns from one
another on the tissue surface. This spatial separation allows distinct micro-sampling of independent regions on the tissue
surface, while still maintaining a high signal intensity and hence high signal to noise ratio. This paper examines the depth
sensitivity, absorption coefficient sensitivity in vitro, as well as the in vivo accuracy of the micro-sampling bundle in two
distinct and different tissue types.

2. THEORY

The details of our modeling have been described in previous papers[1, 10, 11], so that only the salient features will be
explained here. When photons are launched into tissue, they are both scattered and absorbed, and some fraction of the
absorbed photons are re-emitted as fluorescent photons (see Figure 1, left). These photon tracks can be predicted well by
Monte Carlo simulation, and images of the total fluence within the tissue can be calculated for both fluorescence and
excitation light. In Figure 1, the resulting fluence distributions are shown from two separate simulations, where the first was
done with a 2 mm diameter fiber simulation, and the second was completed with a 100 micron fiber simulation. The first row
of images in Figure 1 (left), show that the depth of excitation fluence is not affected by the fiber diameter significantly, but
the bottom row of images show that the fluorescence fluence is constrained closer to the surface by using the smaller fiber
diameter. Thus, by using smaller fiber diameters, the detected fluorescence is constrained both laterally as well as in the
depth direction. Our previous results indicate that when 100 micron fibers are used, that the signal detected is composed of
photons which have not been scattered on average, and have simply been converted to fluorescent light near the surface of the
tissue. Thus the attenuation of the signal due to Beer’s law is actually less than 5% on average for most types of tumor
tissue[1].
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Figure 1. (left) Diagram depiction of the geometry used for Monte Carlo simulation of excitation light and fluorescence emission light in
tissue. The images (right) of excitation light fiuence (top row) for a 2 mm fiber and a 0.1 mm fiber are shown, respectively, along with
images of the resulting fluorescence emission fluence pattern (bottom row) in the same simulated tissue volume. Assumed optical
properties for these simulations were absorption coefficient of 0.01 mm™ and scattering coefficient of 10.0 mm™ and scattering anisotropy
parameter of 0.9.

3. EXPERIMENT

This prototype system was developed using a compact breadboard setup (see Figure 2). The input light is provided by a
Helium-Cadmium laser producing nearly 30 mW of light at either 325 nm or 442 nm, which correspond to the major Soret-
band peaks of phthalocyanines and porphyrins, respectively. A chopper wheel is used to modulate the input signal at 200 Hz,
to provide lock-in detection at this frequency. An LED-photodiode combination is fixed into the chopper wheel to provide
the trigger frequency. A dichroic mirror is used to reflect the excitation light into the fiber bundle, and measurements of the
input light intensity can be directly measured from the bundle through one of the fibers which is separate, and can be coupled




to a photodiode. Similarly, the reflected excitation light can be detected through a bifurcated fiber which has been
incorporated into the bundle, so that changes in the light reflectance from the surface can be detected to normalized the
fluorescence signal. The signal is coupled to an analog to digital data acquisition board in a laptop computer, with
LABVIEW data acquisition software for instrument control and data processing. The light detector is an H6354 Hamamatsu
photomultiplier, which provides high red-light sensitivity, in a compact space providing more than 10° gain in the dynode
chain. In most of the following studies, 325 nm excitation was used to excite the photosensitizer aluminum phthalocynanine
disulphonated (AlS,Pc).

The current bundle design incorporates 37 fibers into a single bundle, and at the tissue contact end, the fibers are all
spaced apart by 700 microns through the use of hollow capillary fiberoptics, which permit the 100 micron fiber inside each,
and have an outer diameter of 700 microns. These capillaries are added to space the individual fibers apart at the tissue
contact end, so that inter-fiber cross talk through the tissue is minimized. The concept of the fiber bundle is specifically
designed to confine the region of tissue, which is sampled by each fiber to within 100-200 micron depth, allowing minimal
scattered fluorescent light to be captured. The small diameter of the individual fibers (100 microns) confines the signal
laterally, and the tissue confines the detected signal in the z-direction, so that the captured fluorescent photons have scattered
an average of less than once [1]. The following sections are devoted to exploring the spatial confinement and fluorescence
quantitation characteristics of the fiber bundle in tissue and tissue-simulating media.
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Figure 2. Schematic diagram (left) of the optical arrangement use with the ﬁberoptic bundle. Fibéropiic bundle ax;rangerhentb(r'ig’ht)
depicting the microsampling of each fiber in the bundle by separating the fibers out at the tissue-contact surface. Note that while only a
few fibers are shown in this schematic, there are 37 individual fibers in the actual bundle.

3. RESULTS
3.1 Depth sensitivity testing

The design of the fiber bundle is such that it should limit the penetration of the light in tissue. This is a difficult thing to
measure in practice, but in tissue simulating solutions, this can be measured quite easily. Initial experiments were completed
to compare the detected signal from the new fiber bundle to measurements taken with a standard silica fiber optic bundle,
where all fibers are kept close together. The initial test to measure the depth of penetration estimate in the solution was set up
as shown in the following figure, where a 1 mm layer of aluminum disulphonated phthalocynanine (AlS,Pc) was fixed into a
container, and the remainder of the container was filled with 1% Intralipid (a lipid emulsion which has similar scattering
properties to tissue) and 1% whole blood, by volume. The fiber bundle was translated away from the fluorescent layer in 10
micron increments, and the fluorescence intensity was recorded at each depth.

The measurements shown in Figure 4 demonstrate that for a standard incoherent silica fiber bundle of 3 mm diameter, the
detected signal is higher than from the micro-sampling bundle, and that the slope of the intensity versus distance from the
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fluorophore has two distinct slopes. The terminal slope for both fiber bundles is dominated by the attenuation of light in the
medium, and governed by the effective attenuation coefficient, s = (Bla usl)”z. However the standard fiber bundle
demonstrates an initial slope of fluorescence versus depth which is low, due to interactions between the fibers as the
fluorescent light is multiply scattered, and is collected by neighboring fibers. The micro-sampling fiber bundle does not
demonstrate this regime of light collection, and the signal decays by one order of magnitude in 60 microns. While this test is
not definitive proof of the microsampling of the bundle, it provides a good indication that the light collection is behaving as
we expect.

fiber bundle

distance

Figure 3. The fiber bundle was translated vertically through the solution towards a fluorescent layer of photosensitizer contained in a thin
plastic sheet. The fluorescence versus recovery distance was measured for a standard fiber bundle, and for the new micro-sampling fiber
bundle.
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Figure 4. Measured fluorescence versus distance between the fiber bundle and the fluorescent layer, with a tissue-simulating fluid between
consisting of 1% Intralipid and 1% whole blood, with geometry as shown in the previous figure. A standard 3 mm fiber bundle and the
new micro-sampling fiber bundle are shown for comparison.




3.2 Sensitivity to intrinsic absorption coefficient

In the next test, a solution of Intralipid in water was mixed with 10 pg/ml AlS,Pc, and a series of solutions with increasing
ink added to them was created. The fiber bundles (standard and the new design) were used to measure the fluorescence by
placing the bundle on the surface of the solution. The results are plotted in figure 5, where the standard silica fiber bundle
shows a decreasing detected signal from the more absorbing solutions. The new micro-sampling fiber bundle design
produces a fluorescence signal, which is not attenuated significantly over this range of absorption coefficients. The highest
absorption coefficient used here was 0.16 mm’™', which is typical of the darkest pigmented tissues, such as liver, while most
red muscle is closer to 0.01 to 0.1 mm™', at the emission wavelength of 675 nm.
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Figure 5. Measured fluorescence versus increasing ink concentration for a fixed solution of Intralipid and AlS,Pc photosensitizer. The
photosensitizer was at 10 mg/ml concentration, and the ink concentration was varied to cover the range of physiologically relevant
absorption coefficient values. The solution simulates the scattering typical within tissue (1t = 2.0 mm™").
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Figure 6. Measured fluorescence from tissue simulating solutions with a fixed photosensitizer concentration of 20 pug/ml in 1% Intralipid,
with the fraction of blood in the solution varied between 0 and 100 %. The absorption coefficient of blood at 325 nm wavelength is near
0.3 mm’' per % of volume, so that above 10% blood concentration is a very high absorption coefficient. Most mammalian tissues have less
than 10% blood concentration by volume.

While the detected fluorescent light was linear with fluorophore concentration, and presented little attenuation in highly
pigmented tissue-simulating solutions, we found there to be considerable attenuation when measuring from within 100%
whole blood. Figure 6 shows a plot of detected signal for a constant concentration of photosensitizer in solution, but with the
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fraction of blood in solution varied between 0 and 100 % by volume, mixed into an aqueous solution of 1% Intralipid. At
concentrations above 15% blood, there was more than a 10 % attenuation of the detected light, and in whole blood, the
detected light was only 38% of that observed in bloodless solution. These measurements indicate that for measurements
taken in whole blood, a secondary set of calibrations must be performed. Also since most tissues have less than a 15% blood
volume, we can expect that attenuation by blood within any tissue should not be a significant factor in the detected signal.
However it is important to be aware that certain tumors and bloody cyst areas can have high blood volume fractions, which
may decrease the signal intensity accordingly.

3.3 Invivo testing versus extraction methods

'The most accurate method for quantifying photosensitizer uptake in tissue is to biopsy the tissue and extract the chemical
from the tissue using a solubolizing solution. Once extracted, the monomerized fluorophore can be directly quantified in a
luminescence spectrophotometer by detecting the fluorescence intensity of the solution. The biopsied tissues were
solubolized by digestion in 0.1 N NaOH with 1% SDS. After 4 hours of heating at 50°C with shaking, the solutions were
measured for fluorescence in a Perkin-Elmer luminescence spectrophotometer. The excitation was set to 610 nm, and
emission between 640 and 740 nm. The longer wavelength excitation was needed to transmit sufficient light through the
turbid solutions of solubolized tissue without significant attenuation. These measurements in the spectrophotometer were
viewed as representing of the absolute concentration in the tissue and used to compare with the fiber bundle measurements of
fluorescence. The following figure presents the direct correlation of the two measurements, and demonstrates that the
detected signal from the fiber bundle is independent of the tissue type. Note also that while the uptake of the muscle is
generally much less than the liver, there is also a parallel decrease in fluorescence measured. Here liver and muscle were
used for two reasons, they represent significantly different tissue types with respect to vascular morphology and drug uptake,
but practically they are two of the few organs that can be measured in a mouse without potential artifacts due to the small
size, compared to the 1 cm fiber bundle probe. In the next phase of this work, the fiber bundles will be tested in larger
animals to provide a more uniform and stable probe positioning.
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Figure 7. Measured fluorescence from tissues in vivo after injection of AIS,Pc versus the measured uptake concentration as determined by
chemical extraction from the tissue biopsy and spectrofluorimeter detection. Both liver (left) and muscle (right) tissues were measured in
the same manner, and the slopes of these graphs are similar, indicating that the response of the probes is roughly independent of tissue type.

4. DISCUSSION

The fiber bundle fluorescence monitor tested here appears to provide a fluorescence sampling from tissue volumes which are
constrained both laterally and vertically below the tissue surface. The depth sensitivity measurements, shown in Figure 4,
indicate that the depth response is at least a factor of 3 lower than that of a standard 3 mm diameter fiber bundle, and the
sensitivity 1/e penetration depth is near 60 microns in typical tissue phantoms. Thus the attenuation of the fluorescence
signal in most tumor tissues should be no more than a few percent of the total signal, as calculated by Beer’s law attenuation.




Based on the data in Figures 5 and 6, the signal is not significantly attenuated in phantoms with absorption coefficients up to
0.16 mm-1, and in blood solutions up to 10% total blood volume. These two parameters are near the maximal values
expected in tumor tissues, suggesting that the signal should not be altered by blood volume differences in different animals
and tumors, except in regions of high blood pooling or large vascularity.

Finally, testing in murine liver and muscle tissue indicate that response of fluorescence per unit concentration is the same to
within 11%, as shown in Figure 7. These measurements can be directly compared to those of Panjehpour et al. [2], who
showed that when measuring the uptake of AISPc in liver and muscle with a standard fiberoptic fluorescence system, there
was a factor of 5 different in the response of fluorescence per unit concentration of drug. Thus the results in Figure 7 provide
significant evidence that our measurement system will be independent of tissue optical properties. The next phase of system
testing will be to measure uptake in murine tumors, and to provide animal/tumor specific dosimetry measurements to reduce
the inter-patient or inter-animal variability in response to treatment.
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Photodynamic effect produced by HeNe radiation in Harderian glands of
Wistar rats: an experimental model for PDT studies
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ABSTRACT

In rats, the Harderian Gland secret Protoporphirin IX which is retained at acinar lumina. Since this photosensitizer is
important for PDT of malignant tumors, we propose to study this gland as a model to help understanding PDT with
endogenous photosensitizers. Twenty Wistar SPF adult rats were submitted to surgical exposure of both Harderian glands,
revealing red fluorescence upon UV, characterizing the protoporphirin IX presence. After that, one gland of each pair (one
kept as control) was irradiated with an 8mW HeNe (6328 angstron) for 45 minutes, delivering about 2.7 joules/mm?. After
24 hours a group of 10 animals were sacrificed and the glands removed for histological analysis. The remaining animals
were subjected to the same procedure but the glands were removed immediately after laser treatment. Histological and
fluorescence analysis immediately after laser irradiation showed cell fragmentation with loss of acinar architecture with
diffusion of protoporphirin in the cytoplasm of damaged cells, as well as interstitial edema. After 24 hours these alterations
were more pronounced with accentuated loss of intraluminal protoporphirin and beginning of leukocytic demarcation of

necrotic areas. The innate Harderian glands of rats, exposed to HeNe laser, showed a similar behavior as tumor tissue under
PDT.

Keywords: Harderian gland; protoporphyrin IX; PDT; endogenous

1. INTRODUCTION

Optical absorption, reflection and fluorescence are physical methods capable to characterize different matters, in special
biologic tissue'. Particularly Photodynamic Therapy of malignant tumors (PDT) is an optical process either for diagnostic
procedure” or for therapy”. PDT is well described in the literature (see for example Dougherty, 1993)*. Photosensitizers like
protoporfirin IX, among others structurally related compounds, is a substance that can be injected in the subject allowing the
diagnostic or treatment of malignant tissue™ ®. A more recent approach to PDT involves endogenous photosensitization by
administration of 5-aminolevulinic acid (ALA)”®, which is converted by the heme biosynthesis pathway to protoporphyrin
IX°, an efficient photosensitizer.

Some biologic tissues present endogenous substances that may fluoresce or absorb optical radiation in a similar way to PDT
process. Harderian gland, named after the Swiss physician Johann Jakob Harder,” '° of rats can sintetize high concentration
of protoporfirin IX''. This substance is retained at the lumen of the acinos'” and is easily identified by UV fluorescence,
readily differentiated from blood.

Various physiological functions have been attributed to the rat Harderian gland. It appears to serve, like the pineal gland, as
an extraretinal photoreceptor'® '>'* 1> 181 1% ‘Harderian porphyrin may have a photoprotective role, as it is increasingly
secreted in response to light exposure and as other porphyrins show an intense absorption of light’.

The Harderian gland acinus cell secrets protoporfirin IX in a considerable quantity, this photosensitiser is abundant found in
the acinar luminae as well as in the acinar cells, which can be identified by fluorescence or by the frozen cuts under
fluorescence microscopy.

Many attempts are doing to explain the PDT mechanism'” * and, based on the facts described above we hope the study of
photodynamic response of Harderian gland secretion, may contribute to this development.

* Correspondence: Email: nicolaemd@nmce.unicamp.br

In Laser-Tissue Interaction XI: Photochemical, Photothermal, and Photomechanical, Donald D. Duncan,
Jeffrey O. Hollinger, Steven L. Jacques, Editors, Proceedings of SPIE Vol. 3914 (2000)
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2. MATERIAL AND METHODS

For this work we have used 20 SPF (Specific Pathogen Free) Wistar rats of both sex, 7 weeks old and body mass from 150
10 200 g. The animals was maintained in polypropylene cages and had access to standard rodent chow and water ad /ibitum.
The anesthetic procedure were according to ethical international protocols, with intravenous sodium hypinol. The glands
was exposed by means of microsurgery (Figure 01).

Fig. 01 - Harderian gland of Wistar rat, surgically exposed and prepared for the present work.

The fluorescence of Harderian gland was produced using a 20 Watts UV lamp with maximum output at 365 nm, positioned
5 cm away from the gland and, the intense red fluorescence was compared with the protoporfirin IX fluorescence and
registered photographically. Figure 02 (a)a show the Harderian gland photographed with regular light and, (b), the same
gland when illuminated with UV light, showing the red fluorescence (seen in white at the photo).

@ ®

Fig. 02 —Harderian gland: (a) as seeing when illuminated by white light and, (b) fluorescence of the same gland obtained with 365 nm
light source.
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An HeNe, 8 mW, was the light source used for the absorption process. The red, 6328 angstrom light, emitted by this laser, is
in good agreement with the absorption energy level of the protoporfirin founded in the glands. Left and right side glands of
each animal were exposed, allowing to keep one gland of each pair as a non irradiate control to be compared with the
irradiated one.

We irradiated the glands under study for 45 minutes, providing a fluence of 21.6 J/mm”. Four groups of five animals were
sorted. The rats of first group were sacrificed and the glands were excised 72 hours after laser irradiation; the second group
at 48 hours; the third group at 24 hours and the fourth group of rats, immediately after laser irradiation.

For regular microscopy we have fixed the material in buffered 4 % formaldehyde for 24 h and embedded in paraffin. Step
sections perpendicular to the surface were cut, mounted on glass slides and stained with hematoxylin and eosin for
examination by light microscopy. For fluorescence microscopy studies the tissue was frozen, hematoxilin and eosin-stained
as well as unstained, and cut to 5 microns and mounted in glass slides. The photos presented in this work were all taken
from frozen cuts.

3. RESULTS AND DISCUSSION

Before proceeding with the photodynamic experiments we have identified the occurrence of protoporfirin IX by
fluorescence experiment, using an UV lamp (365 nm line output). The Harderian gland displays the characteristic
protoporfirin IX red fluorescence as registered photographically (Fig. 2a). The full spectrum of this fluorescence will be
registered and published in the near future. The microscopic analysis of the material identify the tubules of the normal rat
Harderian gland, composed of a single layer of columnar epithelial cells surrounded by myoepithelial cells (figure 3a, b). In
the lumina there are deposits of yellow brown amorphous masses (3a), which show the red fluorescence of porphyrin and
are composed of porphyrin-lipid complexes (3b).

@ ®)

Fig. 03 - Normal (control) Harderian gland epithelial cells of the tubuli composed of epithelial cells (3a) which shows yellow - green
autoflourescence of the cytoplasm under fluorescence light examination (b). Amorphous porphyrinlipid complexes are found inside the
lumina (3a) with red autofluorescence (3b).

Immediately after exposure to laser light, necrosis of the tubular cells characterized by fragments of the epithelial cells (Fig.
4a and 4b - next page) admixed with porphyrinlipid complexes, can be observed (figure 4 b). The basement membrane of
the tubuli may still be intact.




After 24 hours a marked interstitial edema with granulocytic infiltration in the previously irradiated area is found. The
fragmentation of the necrotic epithelial cells is more advanced. (Fig. 5a) Remnants of the porphyrin-lipid complexes can
only rarely be detected by fluorescence microscopy in the area of necrosis (figure 5b).

#
%

@ ®

Fig. 04 - Harderian gland removed immediately after exposure to laser light: necrosis with fragmentation of the tubular epithelial cells is
the predominant feature. (4a) Examination with UV light shows that the protophyrin-lipid complexes (red fluorescence) are mixed
together with necrotic cell fragments. Absence of inflammatory infiltrate (4b).

@ (b)

Fig. 05 — Harderian gland tissue 24 hours after laser imadiation: marked cellular fragmentation of the necrotic epithelial cells
Porphyrinlipid complexes are nearly totally absent (5a). Marked edema and presence of granulocytes was observed. With the help of UV
light remmnants of protoporphyrin-lipid-complexes can only be rarely detected (arrows) (5b).

The contralateral sham-operated Harderian glands, kept as control, showed neither necrosis nor inflammatory infiltrate
(figure not presented).
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Previously studies demonstrated” that exposure to intensive sun light for one day may cause severe necrosis of the
glandular cells, with edema and cellular infiltration of the Harderian gland adjacent to the retina. The red fluorescence was
faint in areas injured by exposure to light for 4 and 8 days, and porphyrin content of the gland decreased after 4 and 8 days.
Thus exposure to high-intensity light induced necrosis of the glandular cells in the Harderian glands, probably as a result of
photodynamic action on the porphyrins in the gland.

In order to contribute to the knowledge of the photodynamic mechanism we have studied the effect of HeNe laser on
endogenous protoporphyrin IX of Harderian gland. The process of necrosis has to be interpreted as due to a photodynamic
effect. Damage caused by porphyrins causes essentially necrosis not apoptosis, as seen in our study, in contrast to the
photodynamic therapy of the Walker tumour.

4. CONCLUSIONS

The Harderian glands of rats present an intense red fluorescence which can be easily perceived by stimulation with ultra
violet lamp, or in frozen cuts under fluorescence microscopy. This fluorescence is due to a photosensible substance with a
red emission (630 — 635 nm) which has been identified as protoporphirin IX.

When irradiated with an HeNe laser source (6328 angstrons), the gland presented a photodestruction effect very similar to
the one found in tumor tissue treated with AL A, which leads to protoporphirin IX formation and retention in tumor cells.
Thus the Harderian gland, through its intense production and retention of protoporphirin IX represents a very good and easy
to handle model for the study of photodynamic effects that result in tumor cell destrution.

5. ACKNOWLEDGEMENT

Special thanks to Dr. Valdir C. Colussi for helping in early stages of this work.

6. REFERENCES

1. A P.Payne, J] Mc Gadey, and H. S. Johnston. “The structure of the Harderian glan of the golden hamster. In Harderian
gland effects”, (Ed. Weeb S. M., Hoffman R. A., Puig-Domingo & R. J. Reiter) pp 53-67, Berlin Springer, 1992

2. 0. Raab, “Ueber die wirkung fluorescierender stoffe auf infusoria”. J. Biol., 39: pp 524, 1900

3. H. Tappenier. & A. Jesionek, “Therapeutishe versuche mit fluoreszierenden stoffe”. Muench. Med. Woshschr., 1: pp
2042-2044, 1903

4. T.J. Dougherty, “Photodynamic therapy: Yearly Review”, Photochem. Photobiol., 58 (6), pp 895-900, (1993)

5. C.] Bayme, L. V. Marshallsay, and , A. D. Ward, “The composition of Photophrin II”, J. Photochem. Photobiol., 6, pp

13-27, 1990

6. V. C. Colussi, E. D. Nicola, and J. H. Nicola, “Fototerapia, Fotoquimioterapia e alguns fotossensibilizadores”, Rev. 4ss.
Med. Brasil, 42 (4), pp 229-236, 1996

7. E.E. Gallegos, 1. De Leon Rodrigues, G. L. Martinez, and Z. A J. Perez, “In vitro study of protoporphyrin IX induced
by delta-aminolevulinic acid in normal and cancerous cells of the human cervix”. Arch. Med Res., 30 (3), pp 163-170,
1999.

8. S. L Gibson, , M. L Nguyen., J. J. Havens, Barbarin,.and R. Hilf, “Relationship of delta-aminolevulinic acid-induced
protoporphyrin IX levels to mitochondrial content in neoplastic cells in vitro”, Biochem. Biophys Res. Commun., nov.
19, 265(2), pp 315-321, 1999.

9. T Sakai; T. Yohro, “A histological study of the Harderian gland of Mongolian gerbils”, Sakai and R. B.Burns (1992),
“The Harderian gland in birds: histology and immunology. In the Harderian glands: Porphirin Metabolism, Behavioral
and Endocrine Effects”, (Ed. S. M. Webb, R. A. Hoffman, M. L. Puig-Domindo & R. J. Reiter), pp 155-163, Berlin
Springer, 1981

10. G. Chieffi, B. G. Chieffi, L. Di Matteo, M D’Istria, S Minucci, and B Varriale, “Cell Biology of the Harderian Glasnd”,
International Review of Citology, 168, pp 1-80, 1997

11. R. C. Spike, S. L. Stewart., K Murray,. F. M. Kelly, J. A. Maharaj, P. A. Payne, and M. R Moore, “Porphirin sinthesis

in the Harderian gland and other tissues of golden hamster during pregnaney and lactation”, Mol. Aspects. Med. 11 pp
151-152, 1990




12

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

. J. Hugo, J. Krijt, M. Vokurka, and V. Janousek,. “Secretory response to light in rat Harderian gland: Possible
photoprotective role of Harderian porphyrin”, Gen. Physiol. Biophys. 6, pp 401-404,1987

T. R Scott, M. L. Savage. and I. Olah, “Plasma cells of the chicken Harderian gland™, Poult. Sci., 72, pp 1273-1279,
1993

S Minucci., B. G Chieffi, I. Di Mateo, and G. Chieffi, “A sexual dimorphism of the Harderian gland of the toad, Bufo
viridis”, Basic. Appl. Histochem., 33,299-310, 1989

B. G. Chieffi, S Minucci, L. Di Mateo, “The orbital glands of the terrapin Pseudemys seripta in response in osmotic
stress: a light and electron microscope study”, J. of Anatomy, 18, pp 21-33, 1993

B. Chieffi “Organogenisis of the Harderian Gland. A comparative survey”, Microsc. Res. Tech., 34, 6-15, 1996

P. Pevet, G. Heth, A. Hiamand, E. Nevo, “Photoperiod perception in the blind male rat (Sphalex Chenbergi, Mehring):
Involvement of the Harderian gland atrophied eyes and melatonin”, J. Exp. Zool., 232, 41-50, 1984

D. D. Thiessen, The function of the Harderian gland in the Mongolian gerbil Meriones unguiculatus. In Harderian
glands: Porphirin metabolism. Behavioral and endocrine effects. (S. M. Webb, R. A. Hoffman, M. L. Perig-Domingo
and R. J. Reiter, eds), pp 127-140. Springer-Verlag, Berlin, 1992

K.R. Weishaupt, C.J. Gomer and T.J. Dougherty, “Identification of singlet oxygen as the cyotoxic agent in cancer
photoinactivation of a murine tumor”, Cancer Res 36, pp 2326-2329, 1976

B.W. Henderson and T.J. Dougherty, “How does photodynamic therapy work?”, Photochem Photobiol 58, pp 145-157,
1992

K. Kurisu, O. Sawamoto, .H Watanabe and A. Ito, “Sequential changes in the Harderian gland of rats exposed to high
intensity light” . Lab Anim Sci 46 (1):71-6, 1996

J. H. Nicola, V. C. Colussi, E. M. D. Nicola, and K. Metze, “Enhancement of Photodynamic Therapy due to Hyperbaric
Hyperoxia: an experimental study of Walker 256 tumors in rats”. - Optical Methods for Tumor Treatment and
Detection Mechanisms and Techniques in Photodynamic Therapy VI, Thomas J. Dougherty; Ed. Vol. 2972, pp 88 - 94
1997.

45




46



SESSION 3

Photothermal Interactions |

47




Modeling Infrared Temperature Measurements: Comparison of
Experimental Results with Simulations

Bernard Choy, John A. Pearce, Ashley J. Welch

The University of Texas at Austin Biomedical Engineeting Progtam,
Austin, TX 78712-1084

ABSTRACT

Infrared cameras have been used to monitor the thermal response of tissue to pulsed and continuous
wave laser irradiation. A computer model has been developed previously to predict radiomettic temperature
estimations and demonstrate potential discrepancies between surface and radiometric temperatures. To
quantitatively verify the modeling, experiments were performed in which gelatin phantoms (~98% water) were
irradiated with low-radiant-exposure (e.g. subablative) CO> laser pulses. Radiometric temperatures were
estimated using a 3-5 um band-limited thermal camera and compared to computer model predictions of the
measured temperatures. By fitting model calculations to measured data, theoretical surface temperatures were

determined as a function of time and the onset of nonlinear changes in the thermal response of tissue
identified.

Keywords: IR detector, numerical modeling, finite difference, CO; laser, dynamic optical and thermal
properties

1. INTRODUCTION

Infrared (IR) temperature measurements during laser irradiation of biological media have been petformed in a
number of recent studies [1-7]. However, one characteristic of IR detection that is oftentimes not taken into
account is that superficial thermal gradients may result in a discrepancy between the measured radiometric
temperature and the actual surface temperature [1].

For typical IR imaging bands (3-5 um and 8-12 um), if thermal gradients are not significant within
approximately the first 100 im of the surface, then the radiometric temperature will approximate the actual
surface temperature. However, for laser irradiation studies involving highly absotbed laser light (e.g., the tissue
absorption coefficient g, fcmr!] at the laser wavelength is equal to or latger than the average absorption
coefficient over the IR detection bandwidth), there will be a discrepancy between the estimated and actual
temperatures. If transient temperatures are important, then it may be necessary to cotrect radiometric
temperatures. For example, if radiometric temperatute measurements ate used 1) to identify threshold
temperatures of an event (i.e. photocoagulation of blood {2]), or 2) to determine optical and/or thermal
properties of an object using pulsed photothermal radiometric techniques [8]; then any etrors associated with
the temperature values obtained from an IR detection scheme will result in an inaccurate property calculation.

We developed a finite difference model that incorporates 1) heat transfer during and after a laser pulse to heat
tissue or 2 cryogen spurt to cool the surface, 2) any type of temperatute distribution (e.g. surface or subsurface
temperature peak, etc.), and 3) any bandwidth limit for the IR detector (e.g. 3-5 im, 8-12 ftm) [9]. This papet
deals with experimental verification of this model.

In Laser-Tissue Interaction XI: Photochemical, Photothermal, and Photomechanical, Donald D. Duncan,
Jeffrey O. Hollinger, Steven L. Jacques, Editors, Proceedings of SPIE Vol. 3914 (2000)
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2. NUMERICAL MODEL

The method of finite differences (Incropera and DeWitt 1996) was applied to the modeling of 1) the thermal
response of tissue to laser irradiation and 2) radiometric temperature measurements with an IR detector.
Following is a brief description of the basic features and structure of the model; for more detailed information,
the reader is directed to Ref. [9].

The program was developed in the MATLAB 5.2 coding environment (The MathWorks, Inc., Natick, MA).
Optical and thermal properties were assumed to be constant values. The optical properties included the
absorption coefficient of the tissue at the wavelength of the incident laser light (4, in cm!) and an average
absorption coefficient of the tissue to the IR radiation that comptrised the signal reaching the IR detector (i,
in em™). For the latter value, we chose to use a constant value of up = 300 cm™! [1]. The thermal properties
included: density (0, in g/cm?), specific heat (g, in J/g/°C), thermal conductivity (4, in W/cm/°C), and thermal
diffusivity (& = £/ px, in cm?/s).

The optical distribution of the laser light as a function of depth was described using Beer’s law (potential
scattering events were not considered). The fluence distribution was converted to temperature values. The
contribution of each node to the overall infrared signal reaching the IR detector was calculated under the
assumption that emission from a given node was attenuated in a Beer’s law fashion as it traveled to the tissue
surface. The total emissive power reaching the detector was converted to a radiomettic temperature using
band-limited blackbody curves [10, 11].

3. MATERIALS AND METHODS

Experimental Study. The experimental setup is shown in Figure 1. Gelatin tissue phantoms (98% water by
mass) were created in petri dishes. A petri dish was mounted on an XYZ-translation stage to allow for accurate
positioning. Thermal imaging was performed using a HgCdTe flying spot scanner (Model 600L, Inframetrics,
Billerica, MA) in fast line scan mode (acquisition rate = 8 kHz) and equipped with a 24.13-cm focal length
zoom lens. Images were recorded using a Super VHS video recorder (Diamond Pro, Mitsubishi) with a video
counter providing a time stamp on each recorded frame. A short-pulsed (pulsewidth = 110 ps) CO; laser
(TruPulse, Tissue Medical Lasers) was used to itradiate the gelatin samples. The handpiece was mounted at a
45° angle with respect to the surface plane of the sample. Infrared windows of various materials were used as
flecessary to attenuate the incident laser radiation. The spot size was estimated using butn paper (Zap-It!,
Kentek) and pulse energy measured with a calibrated energy meter (EPM 2000, Molectron). Software written
in LabVIEW 5.1 (National Instruments, Austin, TX) was used to aid in synchronization of the laser with the
thermal camera.
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Figure 1. Diagram of experimental setup.

Incident radiant exposures were chosen by using the following equation:

AT = Hote

O]
oc

where AT is the predicted temperature rise [°C] in the absence of heat conduction, H, is the radiant exposure
[/cm?, g, is the absorption coefficient [cm1], 0 is the density [g/cm?], and ¢ is the specific heat [J/g/°C].
Subablative (T, < 100°C) radiant exposures were desired, so appropriate values (with one exception) were

chosen so that the maximum temperature predicted by Eq. 1 was less than 100°C. Values for 4, o, and ¢ were
taken from water data [10, 12].

Blackbody calibration was performed using a resistively-heated aluminum block painted with high-emissivity
black paint. Algorithms written in MATLAB were used to process the grayscale thermal images and calculate
calibrated radiometric temperatures as 2 function of time.

Numerical Modeling. Simulations were run to calculate temporal histories of the predicted surface
temperature and predicted radiometric temperature estimation for the radiant exposures used in the
experimental study. Pertinent model patameters ate listed in Table 1. Model results were analyzed in the
LabVIEW 5.1 programming environment.

Table 1. Input parameters to computer simulations.

OPTICAL
Absorption coefficient, u, 792 cm’™
Pulsewidth 110 us
THERMAL
Initial temperature 25°C
Thermal diffusivity 1.01x10° cm?/s
Thermal conductivity 4.28x10° W/cm/°C
SPATIAL
Tissue thickness 1mm
Spatial resolution 1um




Assumptions and Limitations of Model. 1) Although the 1-D geometry was a reasonable approach to
model the tissue (since § << laser spot size), heat conduction occurred to a minor extent in the radial direction;
only axial heat transfer was considered in these simulations. 2) The entire IR signal generated from the tissue
volume was assumed to reach the detector. Absorption of the emitted radiation by the environment was not
considered. 3) The responsivity of the IR detector was assumed to be uniform across its bandwidth. For
photon detectors, the responsivity is not constant as a function of wavelength, and so wavelength-dependent
emission would need to be considered during conversion from emissive power to tadiometric temperature. 4)
My was assumed to be a constant value. The IR regions typically used for detecton are 3-5 fim and 8-12 fim.
Assuming that water is the primary absorbing chromophore of the target object for the generated IR signal, iz,
is approximately the value for water. However, the absorption spectrum of water in these wavelength ranges
varies over several orders of magnitude [12]. Also, the absorption coefficient of water has been shown
experimentally to have a temperature dependence [13-15]. Thus, determination of the IR signal reaching the
detector should include the wavelength- and temperature-dependence of the absotption coefficient; modeling
Mg as a constant was performed as a first approximation to the solution of the problem.

4. RESULTS

A total of 45 irradiations was performed. A representative comparison between experimental results and
model predictions is shown in Figure 2. The predicted surface temperature rise for 2 0.292 J/cm? CO, laser
pulse was approximately 43°C. Note the relatively good agreement between the predicted and measured
thermal camera temperature estimations.
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Figure 2. Temperature-time history of predicted surface temperature (thin solid line), predicted
thermal camera temperature estimation (dashed line), and measured radiometric temperature
estimation (thick solid line). Radiant exposure = 0.292 J/cm?. Note that the line representing the
measured radiometric temperature values is actually a best-fit line to the raw data.

A summary of the results obtained with different radiant exposutes is provided in Table 2. Relatively good
agreement between measured and predicted radiometric temperature estimations was obtained for H, values
less than or equal to 0.414 J/cm? For the three samples at higher radiant exposures, the measured radiometric
temperature rises were considerably larger than the corresponding predicted values. For all radiant exposures,
the measured and predicted radiometric temperature estimations were comparable in magnitude at points in
time well after the end of the laser pulse.
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Table 2. Compiled model and average measured temperature rises for various radiant exposures.

H, [J/cm®] Predicted AT, [C] Predicted AT,,4[C] Measured AT,,4 [C]

0.122 18 5 5
0.170 25 8 5
0.191 28 8 5
0.205 31 10 5
0.219 33 11 16
0.292 44 17 20
0.325 48 20 23
0.371 55 23 26
0.414 62 26 29
0.441 66 27 38
0.461 68 29 40
0.574 85 37 49

5. DISCUSSION

Laser light that is highly absorbed in 2 medium will induce a steep temperatute gradient within the superficial
layers. Since IR radiometers receive thermal emission from a finite “viewing depth” within an object, surface
temperature estimations will be erroneous if the thermal gradient is significant within this region.

In this study, an instantaneous, sharp decrease in temperature existed supetficially immediately after CO; laser
irradiation, resulting in radiometric temperature estimations that were significantly less than the actual surface
temperatures. The simple experiment performed in this study demonstrated the gross underestimation of the
surface temperature by the thermal camera measurement (Table 2). Heat conduction from the surface to the
cooler internal regions of the tissue phantom led to a gradual decrease in the slope of the thermal gradient,
resulting in better agreement between the sutface and radiomettic temperatures.

Good agreement between model and experimental results were obtained for all but the three highest radiant
exposutes. For those exceptions, the measured radiometric temperature values were considerably greater than
the predicted values. The large temperature rises (>66°C) associated with these radiant exposures may have
induced changes in tissue ultrastructure, such as collagen denaturation or focal pockets of water vaporization.
The latter would result in a decrease in the local absorption coefficient, which may explain the increased
radiometric temperature measurements. A decrease in the absotption coefficient would lead to an increased
penetration depth of the laser light. Within the approximate “viewing depth” of the IR detector (~100 tm) in
soft tissue, the peak temperature would be lowet, but the average temperature within this region may actually
be greater. If this were to occur, the measured radiometric temperature values would be larger than the values
predicted by the numerical model.

6. CONCLUSIONS

A simple experiment was performed to test the accuracy of a numerical model. Experimental data fit model
results fairly well and demonstrated the potential discrepancy between measured radiomettic temperatures and
actual surface temperature. For larger radiant exposures, the measured radiometric temperatures deviated
considerably from model predictions during initial points in time; this may be due to the onset of nonlinear
changes in tissue optical and/or thermal propettes.
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ABSTRACT

When applying noxious heat stimuli to human skin in the study of the pain system, one of the main problems is not to cause
permanent damage. A better understanding of the temperature distribution and the propagation of heat, i.e. heat flux, in
human skin is thus needed. In order to investigate these problems thoroughly, we have developed a 3-dimensional finite
element model (FEM) 4-layer of human skin. The model is kept simple for better understanding of the boundary problems.
The water content in each layer is used for determining the thermal properties. It is therefore not a homogenous structure. In
this model the stratum corneum has been included with lower water content than in the epidermis. Simulations shows that the
surface temperature reaches high levels whereas the temperature in the deeper structure is much lower. Thermal and optical
constants found in the literature was applied. Heat propagation downwards and outwards from the source has been
investigated to understand of the accumulation of energy in the boundary between two layers. Prediction of the heat flux at
boundary between the epidermis and dermis shows that for repetitive stimulation there is a risk of exceeding the threshold
temperature of 65°C for irreversible damage.

Keywords: Temperature distribution, heat, FEM

1. INTRODUCTION

Within the research o